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Supervisor:  Desmond F. Lawler 
 
The increasing use of engineered nanoparticles such as silver nanoparticles 
(AgNPs) has focused more attention on the transport of nanoparticles in natural and 
engineered systems. Despite a substantial number of studies on the transport of 
nanoparticles in groundwater flow conditions, other conditions such as those in granular 
media filtration in water treatment plant have not been fully explored. This study was 
designed to investigate the transport of AgNPs in granular media filtration with a 
relatively high filtration velocity (~2 m/hr) and a low influent AgNP concentration (~100 
µg/L). Effects of several physical and chemical parameters on the transport and 
attachment of AgNPs were examined, focusing on the colloidal filtration theory and 
particle-particle interaction, respectively.  
Regarding the transport of AgNPs, four physical parameters (filter depth, 
filtration velocity, filter media size, and AgNP size) were varied at a fixed chemical 
condition. Positively charged branched polyethylenimine (BPEI) capped AgNPs were 
chosen to examine the transport of AgNPs under electrostatically favorable attachment 
conditions. The effects of filter depth, filtration velocity, and filter media size on 
transport of AgNPs were adequately described by the well-known colloidal filtration 
model. However, deviation from the model prediction was apparent as the AgNP size 
  viii 
became smaller, implying a possible variation of nanoparticle properties in the smaller 
size such as 10 nm. 
In the AgNP attachment study, negatively charged citrate- and 
polyvinylpyrrolidone (PVP)-capped AgNPs were employed to examine the chemical 
effects on particle (AgNP)-particle (filter media) interaction. When the ionic strength and 
ion type in the background water were varied, the attachment of citrate AgNPs followed 
the DLVO theory. Ca- or Mg-citrate complexation was found to lead to charge 
neutralization, resulting in a greater AgNP deposition onto the filter media. However, 
PVP AgNPs were only marginally affected by the electrostatic effect, demonstrating a 
stronger stabilizing effect by PVP than citrate. 
When natural organic matter (NOM) was introduced in the background water, the 
deviation from the DLVO theory was considered primarily due to the steric interaction by 
NOM coating onto particles. Different amounts of AgNP deposition for different types of 
NOM suggest the variation of steric effects according to the molecular weight of NOM. 
The deposition of humic acid-coated AgNPs was similar regardless of the capping agent, 
indicating the possible displacement of the capping agent by NOM. 
The electrostatic and steric interactions affected the detachment of AgNPs as well 
as the attachment of AgNPs. The amount of detachment depended on the depth and width 
of the secondary energy minimum. Also, the detachment was enhanced with NOM 
coating, probably due to a weak attachment by the steric effect. However, the 
hydrodynamic force employed in this study was insufficient to yield a remarkable 
detachment.  
Overall, the retention profile was a relatively vertical line (i.e., equal deposition 
with depth) when the AgNP aggregation was prevented by the electrostatic or steric 
repulsion, implying homogeneous AgNP capture throughout the filter bed. On the other 
  ix 
hand, ripening (the capture of particles by attraction to previously retained particles) was 
favored at the top of the filter bed when the AgNP aggregation was allowable. 
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Chapter 1: INTRODUCTION 
1.1. Background 
With technical advances in both the synthesis and analysis of chemicals, an 
increasing number of emerging compounds have been found in surface water. Their 
beneficial uses for humans can be cancelled out by returning them as a threat to the 
environment and ultimately to humans. One of the governing rules in nature is that every 
material has its own cycle. If the concentration of one chemical increases beyond the 
threshold that nature can stand, the resulting pollution would ruin the balance in the 
environment. In this sense, the increasing use of engineered nanoparticles all over the 
world and their release into water lead to a concern about possible harm to the aquatic 
environment. While the mechanism of engineered nanoparticles toxicity is still debatable 
(Xiu et al. 2012), the commercial products containing various nanoparticles have been 
growing in the market because of their perceived beneficial uses for humans. Beyond 
toxicity studies, it is important to understand how nanoparticles are transported and 
retained in natural and engineered systems to get a broader knowledge for decision-
making on their future use. 
Due to their ability to disinfect (Morones et al. 2005), silver nanoparticles 
(AgNPs) have become one of most widely used nanoparticles in consumer products 
(Benn and Westerhoff 2008, Rai et al. 2008). Silver is ‘not classified as to human 
carcinogenicity’ (EPA 2014), and the silver regulation in drinking water is 0.1 mg/L 
(NARA 2014) just to prevent skin discoloration; the regulations do not account for any 
other possible public health or environmental concerns. Because the prolonged and 
publicly accepted image is that silver is safe enough to use in human life, silver colloidal 
products have even been used as health supplements (Panyala et al. 2008). However, 
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AgNPs are accumulating in the environment, particularly in sediment and sludge treated 
soil with an approximately 300% increase in four years (Gottschalk et al. 2009). When 
highly accumulated, AgNPs can be toxic by releasing silver ions or damaging cell 
behavior (Lubick 2008), eventually posing a negative impact, e.g., on the performance of 
wastewater treatment facilities (Liang et al. 2010). Even after treatment, some AgNPs can 
be released into larger water streams (Kaegi et al. 2011, Nowack 2010). 
A strict regulation can be found in Australia where the water quality limit for 
silver has been set at 0.05 µg/L due to the toxicity to aquatic species (Cornelis et al. 
2012). Therefore, it seems likely that the removal of AgNPs from water will be 
considered desirable throughout the world in the near future to protect aquatic life and 
human health. Since 2010, official action within the Unites States has been taken to 
collect more information about AgNPs, and the regulation of AgNPs is still under 
investigation (Regulations 2014). With regard to research on the transport of 
nanoparticles, a considerable amount of research (Appendix A) has been focused on the 
transport of various nanoparticles in porous media. Most of these previous studies were 
aimed at understanding their movement in groundwater and hence have been done at very 
low filtration velocity. Also, because of the analytical challenge of measuring AgNPs at 
low concentrations, most studies have been performed with a high influent concentration 
(milligrams per liter) although actual AgNP concentrations in water are generally in the 
range of µg/L (Fabrega et al. 2011). Therefore, it is desirable to study the capacity of 
existing filtration technology in most drinking water treatment plants to remove emerging 
contaminants such as nanoparticles at low concentrations. Taking this background into 
consideration, it is necessary to investigate the granular media filtration of AgNPs in the 
physical and chemical conditions that are commonly found in drinking water treatment 
plants. 
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1.2. Research objectives 
Though the definition of a nanoparticle is on the basis of the particle size (usually 
defined as a particle between 1 and 100 nm in at least one dimension), differences in 
behavior between nanoparticles and bigger particles might be caused by more than 
simply an increase in specific surface area. For example, the greater surface reactivity of 
nanoparticles due to changes in local electronic structure (Raimondi et al. 2005) could 
lead to differences in the attachment of nanoparticles to filter surfaces in comparison to 
that of larger particles. The primary concern about the transport and attachment of 
nanoparticles in granular media filtration is how they are influenced by the physical and 
chemical conditions of the filter media, the nanoparticles, and the filter operation. 
Assuming Brownian motion is the dominant mechanism of collision can lead to certain 
expectations about the effects of several parameters on the transport and attachment of 
nanoparticles. Therefore, experimental verification is necessary to test whether those 
theoretical expectations are met. The overall purpose of this study was to elucidate the 
transport and attachment of nanoparticles in granular media filtration in conditions 
resembling those at water treatment plants. Separate approaches were adopted to study 
attachment and transport.  
With regard to attachment of particles onto the media, chemical parameters such 
as ionic strength (and the type of ion making up that ionic strength) and the surface 
chemistry of the particles (or any coating on those particles) are known to have the 
greatest effect. These parameters affect the level of attraction and repulsion forces 
(electrostatic, steric, and perhaps others) between particles and media. The simplified 
forces between a particle and a media are shown in Figure 1.1 (a). Once a nanoparticle is 
captured in the granular media filter, it is crucial to see whether the attachment is 
reversible and how such reversibility is affected by the physical or chemical conditions. 
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Therefore, detachment of previously captured nanoparticles is required to study as well; 
substantial detachment could suggest that the original retention is in the secondary energy 
minimum. Findings from attachment under one set of chemical conditions and 
detachment (release of captured particles) under different conditions can be used to 
evaluate how many particles are strongly or loosely captured and what factor is the most 
influential to the attachment of the nanoparticles. 
 
 
Figure 1.1: Research concept of (a) attachment, (b) transport aspects. 
Although many studies of nanoparticle deposition have been performed, few have 
been done at conditions that emulate water or wastewater filtration, and to our 
knowledge, few have been done to study the pattern of nanoparticle deposition onto the 
media. A greater knowledge of the pattern of particle deposition (i.e., the distribution of 
attachment with depth) is desirable to elucidate how ripening can be achieved in granular 
media filtration of nanoparticles. Nanoparticles captured in the filter bed can be measured 
as a function of depth to provide the concentration profile of nanoparticles. 
With regard to transport, an existing colloidal filtration model has been used by 
many investigators to derive the filtration parameters such as contact efficiency (η0) and 
attachment efficiency (α) from the experimental data. However, the model was 
Repulsive force 
Attractive force
(a) (b)
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established mostly with particles greater than 1 µm. Figure 1.1(b) conceptually shows the 
possible deviations from the colloidal filtration model where the particle size is less than 
1 µm. Therefore, further experimental evaluation with nanoparticles is needed to examine 
whether the existing model fits to transport of the nanoparticles. Under favorable 
conditions with the oppositely charged particles, the colloidal filtration model can be 
used to scrutinize whether the transport of nanoparticles differs from the expectations of 
the model.  
In summary, the overall objective of this research was to study the granular media 
filtration of silver nanoparticles in conditions resembling filtration at water treatment 
plants. The specific objectives of this research were as follows: 
 To evaluate the validity of the colloidal transport model with the nanoparticles 
under varying conditions of nanoparticle size, media size, filter depth and 
velocity; 
 To investigate the effect of ionic strength and the type of ion on the attachment of 
nanoparticles to a granular media filter; 
 To investigate the effect of natural organic matter coating on the attachment of 
nanoparticles to a granular media filter; and, 
 To study the detachment (release) of the captured nanoparticles under different 
ionic strengths and filtration velocities. 
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Chapter 2: LITERATURE REVIEW 
2.1. Silver Nanoparticles 
2.1.1. Application and synthesis 
AgNPs are not a new product and, in fact, they have been used for a long time in 
various fields, most notably photography (Debnath et al. 2010). Recently, however, the 
application of AgNPs in customer products has rapidly increased, due to their strong 
ability to inactivate a wide range of bacteria (Tolaymat et al. 2010). The data in Figure 
2.1 indicate the dramatic rise in the use of AgNPs, as well as the rise in use of various 
other nanoparticles. 
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Figure 2.1: Growth of products associated with specific nanomaterials (available at 
http://www.nanotechproject.org/cpi/about/analysis). 
Several recent studies have focused on synthesis of AgNPs due to their increasing 
use. AgNPs are made of pure silver, i.e., silver in the zero oxidation state. One of the 
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commonly used synthesis methods in AgNPs research is to reduce Ag ions in solution 
with a reducing agent such as sodium borohydride, as shown in Equation 2-1. 
               
  
 
 
   
 
 
            (2-1) 
Though borohydride can adsorb onto the surface of AgNPs and provide negative 
surface charges that make the particles stable to some degree (Solomon et al. 2007), 
AgNPs can aggregate during the synthesis process. Therefore, it is normally required to 
add surface capping agents as well as the reducing agents to prevent aggregation during 
AgNP synthesis (Khanna et al. 2007). The capping agents play a role in controlling 
particle shape and size as well as providing stability during AgNP synthesis. The most 
widely used capping agents are citrate and polyvinylpyrrolidone (PVP) (Tolaymat et al. 
2010). 
A single AgNP is a cluster containing many Ag atoms. The number of atoms 
packed in an AgNP can be estimated by comparing the volumes of an Ag atom and an 
AgNP, assuming the diameter of an Ag atom is 0.288 nm (Key and Maass 2001). By 
high-resolution electron microscopy, the arrangement of Ag atoms in a AgNP was shown 
to be a cuboctahedron (Hofmeister et al. 2005). As a reference, the number of Ag atoms 
in a single AgNP is shown in Table 2.1, assuming the packing density is 0.74 from 
densest sphere packing form (Sloane 1998). 
Table 2.1: Number of Ag atoms in a single AgNP. 
AgNP diameter 
(nm) 
Estimated number of Ag atoms  
per particle 
Estimated number of Ag atoms 
on surface 
1 30 28 
10 30,000 5,000 
50 3,870,000 132,000 
100 30,000,000 532,000 
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2.1.2. Fate and speciation 
The fate of AgNPs when they are released into water is of particular interest in 
AgNP research. First, the oxidation of AgNPs (i.e., Ag
+
 ion release) has been suggested 
as a thermodynamically favored reaction at room temperature in oxygenated water (Liu 
and Hurt 2010), as shown in Equation 2-2. 
   ( )  
 
 
  (  )    (  )
      (  )      ( )       
               (2-2) 
The authors suggested that, through this reaction, the complete dissolution of 
AgNPs could occur at the dissolved oxygen level of natural water if they were exposed 
for a long time (e.g., several to over 100 days). 
Second, reaction with inorganic compounds can transform AgNPs into inorganic 
silver solids. The probable species after the dissolution of AgNP are Ag2S or AgCl based 
on the thermodynamics, though most of AgNPs still can be stable in natural waters above 
pH 8 (Levard et al. 2012). AgNPs were found in sewage sludge as Ag2S (Kaegi et al. 
2011, Kim et al. 2010), implying AgNPs can be sulfidized when they encounter high 
sulfide concentration water like in reduced (de-oxygenated) wastewater. Several studies 
about fate and stability of engineered AgNPs in natural waters or wastewater also suggest 
the likely transformation of AgNPs (Kaegi et al. 2012, Li and Lenhart 2012, Lowry et al. 
2012). 
However, the stability of AgNPs can be enhanced when capped by the stabilizing 
agents in the synthesis process or coated by NOM in the environment (Delay et al. 2011). 
Even if dissolved, Ag ions can be turned back into AgNPs when they are exposed to 
humic acids in natural water (Akaighe et al. 2011). Also, some AgNPs were so persistent 
that they could flow through surface water until reaching marine water (Chinnapongse et 
al. 2011). It is difficult to make any conclusive statement about the fate of AgNPs in the 
environment at this moment and further studies are required. 
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2.1.3. Existing concentration and harmful effect on the environment 
A few studies have reported existing Ag concentrations in surface waters: 0.2~0.3 
µg/L in natural waters (WHO 2003), 38 µg/L in the Colorado River (Wijnhoven et al. 
2009), 8~25 µg/L in California waters (Environmental_Working_Group 2014) and 
10~200 µg/L in US waters (Fleischer 1963). Assuming Ag emission from AgNPs 
products as well as naturally existing Ag, the predicted Ag concentration is 0.04~0.32 
µg/L in river water and 2~18 µg/L in sewage treatment plants (Blaser et al. 2008). It 
seems that the currently available data do not show a high level of Ag concentration in 
natural waters. However, locally accumulated Ag concentration in soils was predicted to 
increase up to 2~8 µg/kg on the basis of Ag release from AgNP products (Gottschalk et 
al. 2009). 
Ag has been known for its adverse effects on microorganisms in the environment 
(Liau et al. 1997). For AgNPs, their negative effect can occur by producing reactive 
oxygen species (Carlson et al. 2008, Choi and Hu 2008, Foldbjerg et al. 2009) and 
releasing Ag ions (Kittler et al. 2010). Even at very low concentrations of AgNPs (e.g., 
140 µg/L of AgNPs), nitrifying bacteria can be inhibited (Choi and Hu 2008). In addition, 
fish can be affected by interacting with Ag, because silver ions can inhibit the activity of 
enzymes (Wood et al. 1999). Furthermore, AgNPs could pose a threat to human health 
because prolonged exposure to Ag could cause damage to human organs such as the 
kidney and liver (Panyala et al. 2008). 
 
2.2. Granular Media Filtration 
Granular media filtration is the most commonly used process to remove particles 
that remain in water after sedimentation in a drinking water treatment plant. Historically, 
it has been applied for the protection of public health; the extensive application of 
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granular media filtration to remove pathogens from drinking water was achieved in the 
late 1800’s in Europe and early 1900’s in United States (Baker 1948). Since then, it has 
been thought of as a key process in water treatment. 
Usually, the water flow in granular media filtration in water treatment plants is 
downflow, as shown in Figure 2.2. Granular media filtration can be accomplished either 
as slow sand filtration or rapid filtration. Slow sand filtration operates at filtration 
velocities less than 0.3 m/hr. Though slow filtration cannot be used for treating high 
turbidity water, it has been effective in removing pathogens like G. Lamblia. In addition, 
because of its low cost and simple configuration, slow sand filtration became an efficient 
process in the early years of water treatment. However, in modern large water treatment 
plants, rapid filtration became required and filtration velocities from 5 to 20 m/hr are 
used to achieve the required performance. The selection of operating parameters such as 
filtration velocity, filter media size, and filter depth depends on the objective of the 
operation as well as the costs. 
 
 
Figure 2.2: Schematic view of granular media filter. 
The most commonly used media in granular media filters are silica sand and 
anthracite coal, and the recommended media size is 0.25~0.35 mm for slow filtration 
(EPA 1990) and 0.45 mm or greater for rapid filtration (Schulz and Okun 1984). Most 
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modern water treatment plants use dual media filters (Curley 2010), with a layer of 
coarser anthracite coal on the top and finer sand on bottom. The target contaminants are 
the original particles in the water (including microorganisms) and those formed in prior 
treatment steps such as precipitative coagulation and softening. The particle size ranges 
of those contaminants are shown in Figure 2.3 along with the treatment options for those 
particles in accordance with common knowledge. Nanoparticles are in the range of 1~100 
nm which is smaller than what a granular media filter is supposed to remove (typically 
particle size greater than 2 µm in drinking water applications). However, Yao et al. 1971 
suggested that the removal efficiency in granular media filtration would be minimized at 
a particle size of approximately 1 µm and that the removal would be better with 
decreasing particle size due to diffusion (Brownian motion).  
 
 
Figure 2.3: General particle size distribution of particulate contaminants with various 
treatment options (EPA 1999). 
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2.3. Filtration Mechanisms and Models 
Though granular media filters can be designed in many ways, the basic 
mechanism to remove particles is the same. Focusing on a single grain of the media (i.e., 
a collector), many researchers have tried to get some insights of the transport model of 
the particles in the filtration. The filtration mechanism can be divided into two parts: 
transport and attachment. The two concepts can be found in the mathematical terms of 
Equation 2-3 for a single collector efficiency (all variables in following equations are 
defined in Appendix B).  
0   (2-3) 
The single collector removal efficiency (η) of particles is expressed as the product of the 
particle-media attachment efficiency (α) and the particle-media contact efficiency (η0). 
In the single collector model, α is defined as the ratio of the particles attaching to 
a media grain to the particles contacting a grain. η0 is defined as the ratio of the rate at 
which particles contact a media grain to the rate at which particles approach that grain, 
and is approximated as the sum of separate values for particle transport by interception, 
sedimentation, and Brownian motion. When the attachment is favorable (α=1), that is, 
under the absence of an energy barrier, the removal efficiency becomes equal to the 
particle-media contact efficiency (η=η0). So far, most models to predict η are based on the 
assumption of α=1 (Long and Hilpert 2009, Ma et al. 2009, Nelson and Ginn 2011, 
Tufenkji and Elimelech 2004, Yao et al. 1971). 
2.3.1. Transport model in granular media filtration 
The transport of nanoparticles in filtration can be derived from the convective-
diffusion equation (Li et al. 2008, Wang et al. 2008b). 
2
02
cN N N SD v
t x x t


   
  
   
 (2-4) 
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Since the filtration model is derived from the interactions between individual 
particles and a single collector (Benjamin and Lawler 2013), it is required to use number 
concentration (N) instead of mass concentration (C). It is impossible to get the analytical 
solution when considering various parameters of the particles and the fluid. However, 
many efforts have been made to describe the transport in mathematical terms. As a first 
step, the single collector efficiency was suggested as the combination of the analytical 
expression of diffusion (Brownian motion), interception, and sedimentation (Yao et al. 
1971). 
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2 2 23
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 (2-5) 
Since then, the concept of combining diffusion, interception, and sedimentation 
has been accepted. The single-collector contact efficiency of Brownian-sized particles 
has been modified by several researchers as below. They solved the convective-diffusion 
equation numerically and performed nonlinear regression to obtain the parameters (the 
coefficients of each term and the power of each dimensionless parameter such as NR, NPe, 
etc). 
From Tufenkji and Elimelech, 2004: 
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From Long and Hilpert, 2009: 
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 (2-7) 
From Ma et al., 2009: 
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where 
1
3(1 )   . 
From Nelson and Ginn, 2011:  
0.75
2 1/3 0.68 0.015 0.8 1/8 15/8
0
0.05           
[2
 
.4
16
0.7 ]
0.
 
9
Pe
s Pe Lo Gi s LO R
Pe
Gi
G R
Gi
N
A N N N A N N
N
N
N N
N
  

 
  
 
 
  
 
 (2-9) 
Normally, the single collector removal efficiency (η) can be scaled up to that of a 
full filter as follows. 
0
3
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 (2-10) 
Assuming the absence of an energy barrier and Brownian motion as dominant 
mechanism in transport for nanoparticles, η becomes ηD and the relative concentration 
(N/N0) of a full filter can be a function of the parameters such as dc, dp, v0, and L. Using 
the five models mentioned above (Equations 2-5 through 2-9), the results for 
nanoparticles (i.e., particles whose transport is dominated by Brownian motion) are as 
follows: 
From Yao et al., 1971: 
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From Tufenkji and Elimelech, 2004: 
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From Long and Hilpert, 2009: 
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From Ma et al., 2009: 
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From Nelson and Ginn, 2011: 
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 (2-15) 
Overall, the powers of each parameter look similar in those models, and the single 
collector contact efficiencies from all of the models also nearly agree in the nanoparticle 
size range, except for the model of Tufenkji and Elimelech (Figure 2.4). However, it 
should be noted that these results are based on mathematical simulations, and the support 
of experimental data is needed to prove the validity of the classical colloidal filtration 
theory with nanoparticles. 
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Figure 2.4: The single collector contact efficiency values calculated by the five models 
(A=10
-20
 J, µ=8.91×10
-3
 g/cm/s, k=1.38×10
-16
 g·cm
2
/s
2
/K, T=298 K, dc=325 
µm, ρp=10.49 g/cm
3
, ρf=0.997 g/cm
3
, v0=2 m/hr, L=10 cm and ε=0.37). 
2.3.2. Attachment model in granular media filtration 
Likewise, various forms of equations have been suggested to describe the 
attachment efficiency. As mentioned above, when the attachment is favorable, the 
attachment efficiency is assumed to be 1. However, when the attachment becomes 
unfavorable, it becomes difficult to predict. Because the attachment is primarily governed 
by electrostatic parameters such as the surface potentials of the particles and media, a 
relationship was proposed between the attachment efficiency and the magnitude of the 
repulsive force for the prediction in cases of unfavorable attachment (Elimelech 1992). 
Equation 2-16 was also proposed as a correlation between the attachment efficiency and 
the parameter (Ncol) which incorporates the Debye length, Hamaker constant, and the 
surface potentials of both the particle and media. 
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2 1.192.57 10 colN
   (2-16) 
A modified equation (Equation 2-17) was suggested using several data sets 
reported in the literature (Bai and Tien 1999): 
3 0.7031 0.3121 3.5111 1.352
1 2log 2.527 10 Lo E E DLN N N N
    (2-17) 
Phenrat et al. (2010) proposed Equation 2-18 for nanoparticles including the steric 
repulsion and decreased friction forces by organic coating. 
 1.35 0.39 1.17 0.10
110 Lo E LEKN N N
    (2-18) 
Finally, the experimental attachment efficiency (αexp) has been obtained using the 
experimental removal efficiency at the initial stage of filtration, according to Equation 2-
19. 
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 (2-19) 
Because a typical filter produces numerous contact opportunities between 
particles and the media, it can be assumed that the successful filtration of particles is 
affected more by the attachment than by the transport. That is why the most frequently 
reported α is based on Equation 2-19 using experimental results. However, it has been 
suggested that α could be erroneously predicted under the presence of an energy barrier 
due to more complicated transport (such as wedging in grain-to grain contact areas) or 
attachment with repulsion (such as in the secondary energy minimum) (Johnson et al. 
2007). If the experimental attachment efficiency deviates from the theoretical one, it 
implies that forces other than electrostatic repulsion occur between the nanoparticles and 
the media (Phenrat et al. 2010). These arguments necessitate a careful approach to 
modifying the model for η0 and α. 
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2.4. Chemical Parameters in Granular Media Filtration of Nanoparticles 
The chemical parameters that have been widely investigated in granular filtration 
are ionic strength, pH, and ion type of the background solution. These parameters can 
affect the surface characteristic of the particles and media, as well as the charge density in 
the solution immediately surrounding the particles, which in turn affect the electrostatic 
interactions expressed in the classical DLVO theory. This theory has often been used to 
explain the attachment (or non-attachment) of particles to the filter media. 
2.4.1. Electrostatic interaction based on DLVO theory 
DLVO theory was established by the works of Derjaguin, Landau, Verwey, and 
Overbeek to describe how colloidal stability was affected by the interaction between two 
particles. Repulsive energy is created by the charge of each particle when both have the 
same kind (sign) of charge. On the other hand, van der Waals energy causes an attraction 
between two particles at close separation distances. Therefore, there can be either a net 
repulsive or attractive energy acting on the particles according to the distance between 
the surfaces of two particles. The total interaction energy is expressed as the sum of 
electrostatic repulsive energy and van der Waals attractive energy.  
In the case of the interaction between a particle and flat plate (Hogg et al. 1966), 
both the repulsive and attractive energy can be calculated using the following equations; 
this model is a good approximation for the interaction between a nanoparticle and a filter 
grain, since the filter grain is so much larger than the particles to be collected that its 
curved surface appears essentially flat in comparison to the particle.  
- Electrostatic repulsive energy 
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 
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 (2-20) 
  21 
- Van der Waals attractive energy 
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 (2-21) 
In Figure 2.5, the net energy moves deeply downward (toward attraction) as the 
separation distance decreases to quite small values. This region is the primary energy 
minimum where the attractive force becomes dominant and the attachment becomes 
(essentially) irreversible. As the separation distance increases, the net energy passes the 
peak point which indicates the energy barrier. The energy barrier causes particle stability 
(i.e., prevents attachment) unless the particle has sufficient momentum to overcome it. 
However, in some cases, no energy barrier exists, when the net energy curve is attractive 
at all separation distances; this condition is referred to as favorable attachment. Further, 
under generally unfavorable conditions, as the separation distance further increases, there 
can be a region where the net energy curve dips slightly into an attractive region. This 
condition is known as the secondary energy minimum, and it has been reported that weak 
but reversible attachment can occur in this region. Because of the (generally) low net 
energy value in the secondary energy minimum, most of the attachment in granular media 
filtration has been considered to be in the primary energy minimum. However, the 
attachment in the secondary energy minimum has been suggested when the attachment 
was higher than expected (Tufenkji and Elimelech 2005) or detachment was observed 
after ionic strength was decreased (Tian et al. 2010), providing further evidence of the 
weak and reversible attachment of nanoparticles in the secondary energy minimum. Also, 
the attachment in the secondary energy minimum has been pointed out to explain the 
difference between theoretical and experimental attachment efficiency (α) (Hahn and 
O'Melia 2004). According to those researchers, attachment in the secondary energy 
minimum can explain the release and reentrainment of particles.  
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Figure 2.5: General example of the energy curves in DLVO theory. 
2.4.2. Water chemistry 
DLVO theory has been widely used to describe particle-particle interactions, as in 
flocculation. As mentioned above, because the water chemistry parameters such as ionic 
strength, ion type, and pH of the background solution can affect the surface charge of the 
particle (which is one of key parameters in DLVO theory), it has been reported that the 
attachment of various nanoparticles in granular media filtration can be expected form 
DLVO as follows. 
When the ionic strength increased, the attachment efficiency was greatly 
increased in the case of carbon nanotubes (Jaisi and Elimelech 2009) and nC60 (Espinasse 
et al. 2007). These results were explained well by DLVO theory; that is, comparison of 
the diffuse layer and weakened repulsive interaction led to increased attachment. By the 
increase of the ionic strength from 3 mM to 55 mM as KCl, there was a change in the 
deposition regime from unfavorable to favorable (Jaisi et al. 2008). 
Energy
Repulsive
Attractive
Separation
distance
0
Repulsive 
Energy
Attractive
Energy
Net
Energy
  23 
Also, the kind of background ions in the solution can affect the attachment of the 
nanoparticles because of the association between the ions and the charged functional 
group on the particle surface. In case of tri-p-tolylamine extracted C60, the ability of the 
divalent ions (Ca
2+
, Mg
2+
) to associate with charged functional groups led to higher 
attachment efficiency than with monovalent ions (Espinasse et al. 2007). The fact that 
higher attachment can be achieved with divalent ions than monovalent ions, even at the 
same ionic strength (Saleh et al. 2008), implies that the greater adsorption or 
complexation of divalent ions to the surface coating layer can result in stronger (nearly 
irreversible) attachment in the primary energy minimum (Jaisi et al. 2008). These results 
suggest that charge neutralization due to ion adsorption was at work, and so they are not a 
direct test of DLVO theory which assumes indifferent electrolytes that do not adsorb. 
The surface charge of nanoparticles and media can be a function of pH. If the pH 
is near the pHpzc of the nanoparticles, the charge neutralization causes more aggregation 
of the nanoparticles (Guzman et al. 2006). And if the pHpzc of the media and the 
nanoparticle have different values, then there is a possibility that nanoparticles and media 
would have the opposite charges at some pH range, resulting in more attachment of 
nanoparticles onto the media (Guzman et al. 2006, Lin et al. 2011, Solovitch et al. 2010). 
In addition, when the surface of AgNPs is coordinatively unsaturated, more OH
-
 can be 
adsorbed on the surface as pH increases, resulting in high negative surface charge which 
leads to the particles being stabilized (El Badawy et al. 2010). 
Many of the experimental results that focused on the attachment of nanoparticles 
can be explained by DLVO theory. From the parameters mentioned above, it is possible 
to design experimental chemical conditions to make the nanoparticles attach more 
favorably to the media. It can be generally suggested that higher ionic strength (because 
of double layer compression) and low pH (because of lower surface charge) can lead to 
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greater attachment of nanoparticles. However, additional factors such as ion adsorption 
which leads to charge neutralization can influence attachment in ways besides those 
incorporated into DLVO theory, as explained in the next section.  
2.4.3. Surface modification  
Several researchers have found that the classical DLVO theory is insufficient to 
predict attachment in granular media filtration. This discrepancy can be explained by 
surface modification. Surface modification can change the attachment by adding 
repulsive forces. One possible result of surface modification is the steric effect caused by 
a surface coating of macromolecules. The steric effect generally provides repulsion in 
particle-particle interactions due to elastic and osmotic repulsion (Vincent et al. 1986). 
When the coating layers from different particles are overlapped, the compression of the 
coating layers results in a loss of entropy and an increase in elasticity. Also, the increase 
of macromolecule concentration in the overlapped zone leads to a local osmotic pressure 
increase which causes another repulsive source. The added (capping) layer on the 
nanoparticles can also play a role as a lubricant, so the friction between the particle and 
the media becomes less (Phenrat et al. 2010).  
Surface modification can also change the surface charge as well as cause steric 
effects, which is called the electrosteric effect. NOM such as humic acid and organics 
such as carboxymethylcellulose (Joo et al. 2009) decrease the attachment efficiency by 
the steric effect since little change on the surface charge was observed. However, it was 
reported that the addition of humic acid reduced the filtration efficiency by increasing 
electrostatic and steric repulsion in the transport of carbon nanotubes (CNTs) in granular 
media filtration (Jaisi et al. 2008). Also, polymer coating could reduce the surface charge 
on nanoscale zerovalent iron (NZVI) (Saleh et al. 2008). Likewise, coating with 
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polyacrylic acid enhanced Fe
0
 mobility by electrosteric stabilization (Kanel et al. 2008). 
These investigations suggested that surface coating could cause both steric and 
electrostatic stabilization. 
On the other hand, the steric effect can be reduced when the cations from the 
background solution are adsorbed onto the surface of the particle through complexation 
with the functional groups on the surface, neutralizing the surface charge of the particle 
(Liu et al. 2003). However, the charge (de)stabilization does not always work because the 
effect of surface coating on the surface charge can be different depending on parameters 
such as particle size (Pelley and Tufenkji 2008) and ion valence (Saleh et al. 2008). 
Sometimes, organic coatings can enhance the attachment of nanoparticles to the 
media by the bridging effect; that is, the polymers extend sufficiently from the particle 
surface that they can “bridge” the electrical double layer and attach to the media or 
previously-captured particle surface (Espinasse et al. 2007). However, organic coatings 
more commonly prevent the attachment by electrosteric stabilization. 
Surface composition of the media can be another factor affecting the attachment 
of nanoparticles to the media. FeO coated glass bead media yielded a partially positive 
charge, thereby attracting negatively charged particles more (Lin et al. 2011). To explain 
the experimental results with DLVO, the correlation between the attachment efficiency 
and the portion of the media modified was required. Also, getting higher surface area of 
the media by the formation of metal chelate (Joo et al. 2009) or increasing 
hydrophobicity (Lecoanet et al. 2004) were reported to enhance the attachment. 
Attachment can also be affected by the arrangement of the particle layers attached 
to the media. Covering the media with multiple particle layers is possible due to the 
available attractive force from the particle-covered media (Lecoanet and Wiesner 2004) 
or the attachment of particle aggregates. These researchers found that fullerene attached 
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to the media surface could be rearranged to get more favorable sites. Or the media 
covered by fullerene could be available to attract more fullerene; that is, previously 
attached nanoparticles can be another site for the next attachment, resulting in multiple 
layer attachment (Solovitch et al. 2010). And at higher ionic strength, particle aggregates 
can first form and then attach to the media, particularly if the particle concentration in the 
suspension to be filtered is high. 
While the surfaces of particles and media are generally assumed to be smooth, the 
actual surface can have some irregular shape. This surface roughness was suggested as 
another factor affecting the attachment efficiency (Hahn and O'Melia 2004). In the case 
of a spherical particle with a number of uneven surfaces, an increased attachment 
efficiency was ascribed to an increased van der Waals force at close distance (Suresh and 
Walz 1996). The energy barrier was found to be significantly lowered with rough 
surfaces as the size and number of asperities increased (Bhattacharjee et al. 1998). If the 
nanoparticles can form an aggregate, the surface roughness of the aggregate can be a 
significant parameter affecting attachment. 
Another common assumption is that the charge on the particle surface is 
uniformly distributed, so that there is one numerical value of charge density on each 
particle surface. However, just as every atom can create an induced dipole moment by the 
nonsymmetrical electron distribution on its surface, the charge on the surface of the 
particle is not uniformly distributed in nature. Therefore, even if the same kind of media 
is used, one part of the surface can have a different charge value from another part, even 
the opposite one. The heterogeneity in surface charge can contribute to more attachment 
by making a favorable condition especially at the initial stage of a filter run and can cause 
a huge discrepancy between the model and the experiment (Tufenkji and Elimelech 
2005).  
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Overall, more detailed investigation on the surface of the nanoparticles and the 
filter media is required to describe the gap between the model expectation and the 
experimental result. However, among these, the NOM coating, which is expected to be 
ubiquitous in natural surface waters, needs to be investigated further to elucidate the role 
of NOM in the granular media filtration of nanoparticles. 
 
 2.5. Physical Parameters in Granular Media Filtration of Nanoparticles 
In granular media filtration, the parameters generally considered in the operation 
are the media size, filtration velocity, and filter depth. These parameters are in the 
transport model of granular media filtration as mentioned in section 2.3.1. Though it is 
general knowledge that the filtration efficiency is lowered at higher velocity, less filter 
depth, and greater media size (Elimelech 1990), it is desirable to see how these 
parameters can be used in the research of granular media filtration of nanoparticles. 
According to the previous literature (Appendix A), most of granular media 
filtration studies were done at low velocity, less than 2 m/hr (the range of filtration 
velocities used in conventional drinking water treatment plants) since their research 
interest was in the transport of nanoparticles in groundwater flow. Some of them used 
various filtration velocities to investigate the effects of velocity on nanoparticle removal, 
but showed a contradiction in results. It was reported higher velocity (4.32 m/hr) resulted 
in less retention of nC60 (Espinasse et al. 2007). However, in another study with nC60, the 
slow (1.44 m/hr) and fast (5.04 m/hr) velocities did not show a noticeable difference in 
the plateau of C/Cin which reflects removal efficiency (Lecoanet and Wiesner 2004). 
When the completely mixed reactor and filtration tests of TiO2 were compared under the 
presence of an energy barrier, the mixed reactor led to greater attachment due to the 
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overcoming of the energy barrier by higher relative velocities. Furthermore, the 
deposition of colloids could be reversible due to the fluid drag force caused by high flow 
rate (Bergendahl and Grasso 2000). Therefore, the filtration of nanoparticles at high 
velocity is required to see how velocity could affect the transport and attachment of 
nanoparticles. 
Various filter depths (3~45 cm) have been used in the research on granular media 
filtration of the nanoparticles (Appendix A). However, few studies have compared 
several filter depths, presumably because it is known that shorter depth yields less 
attachment. Rather, the distance to remove 99% of the influent concentration of 
nanoparticles was used in some studies to describe the expectations in groundwater flow 
(Guzman et al. 2006, Lecoanet et al. 2004, Tiraferri and Sethi 2009). Filter depth can be a 
tool to measure the transport of nanoparticles, either indirectly by sectioning the filter bed 
after filtration or directly by taking samples at several depths (Darby and Lawler 1990, 
Liang et al. 2013b). Therefore, the trajectory of nanoparticles and the filter ripening 
development can be indirectly investigated using various filter depths in granular media 
filtration. 
Normally, the media size (diameter) in filtration of nanoparticles has been in the 
range of 100-1000 µm (Appendix A), which is still 100 to 1000 times the size of the 
nanoparticles. In the case of particles greater than 1 µm, it was reported that straining 
occurred even when the ratio of particle to media size was as low as 0.003 (Bradford et 
al. 2007). Also, due to the aggregation of nanoparticles before or after deposition onto the 
media, straining could occur when the aggregates grow enough to block the pores (Saleh 
et al. 2007, Solovitch et al. 2010, Tiraferri and Sethi 2009). Therefore, it is necessary to 
study how many nanoparticles could deposit on the media surface and how much the 
media size affects the capture of nanoparticles in filtration. 
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2.6. Summary of filtration of nanoparticles  
The transport of various nanoparticles in porous media has been one of the most 
active research fields with a substantial number of articles (Appendix A). In most cases, 
column studies were conducted under varying chemical parameters such as ionic strength 
and pH. Several different target compounds (type of nanoparticles) have been studied, but 
all with a similar research scope. Since 2010, studies have focused more on the metal 
nanoparticles such as AgNPs, TiO2, and quantum dot. This trend is considered to be the 
consequence of spotlighting on the emerging nanoparticles.  
As mentioned earlier, most studies adopted a relatively low filtration velocity to 
emulate groundwater flow conditions. However, assuming the existence of nanoparticles 
in surface water (and which might happen to flow into water treatment plants), further 
investigation on the transport of nanoparticles is desirable with a higher filtration velocity 
to mimic the granular media filtration process.  
Also, the limited number of studies on natural organic matter (NOM) application 
indicates another research gap in the transport of nanoparticles. Though more studies on 
NOM coating of nanoparticles have been reported recently, the overall NOM application 
is seemingly low considering its ubiquitous presence in the environment.   
 
2.7. Summary with Research Gap 
In summary, the transport and attachment of nanoparticles in granular media 
filtration can be affected by physical and chemical parameters. The physical parameters 
are largely associated with the operational parameters such as media size, filtration 
velocity, and filter depth which are also embedded in the colloidal filtration models. In 
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other words, the physical parameters are closely related with the colloidal filtration model 
which describes the transport of nanoparticles. However, the development of colloidal 
filtration theory with nanoparticles was mostly accomplished by mathematical 
simulation. Also, in most filtration experiment studies, an existing model has been used 
to calculate η0, and α was estimated from the experimental results. To validate the model 
with nanoparticles, more experimental data are required to see if the reported η0 or α 
model is applicable for the nanoparticles. Once η0 model is updated or confirmed, α can 
also be evaluated under various experimental conditions. Therefore, it is desirable to 
conduct the granular media filtration of nanoparticles with varying values of these 
physical parameters. 
The chemical parameters can be divided into water chemistry-related and surface 
modification-related parameters. Both of them are associated with particle-particle 
interaction (attachment). While the water chemistry parameters can be mostly interpreted 
mathematically by known equations and adequate measurements for electrostatic 
interaction, the surface modification can include additional forces such as steric 
interaction which is still more conceptual than mathematical due to difficulties in 
measurement. Regarding the steric interaction, NOM coating needs to be investigated 
because NOM is ubiquitous in natural waters. Once the nanoparticles are coated with 
NOM which is present in natural waters at 2~15 mg/L as C (Hepplewhite et al. 2004) 
(though values over 6 mg/L are rare), they normally become more stable due to the 
increased steric repulsion and additional electrostatic repulsion when the surface charge 
becomes more negative. The effect of NOM coating is influenced by the NOM 
characteristics such as the level of hydrophobicity and molecular weight, which can 
affect the coating layer thickness on the surface of AgNPs. For the sake of the NOM 
standardization (IHSS 2013), Suwannee River Humic Acid and Fulvic Acid have been 
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the representative NOMs used most often in the research field. Therefore, the effect of 
both representative NOMs on the granular media filtration of nanoparticles, especially for 
the particle-media interaction, is also desirable.  
Under unfavorable attachment conditions, particle attachment in the secondary 
energy minimum could lead to reversible deposition depending on the experimental 
condition. Therefore, detachment (or release) of the captured nanoparticles in the filter 
bed can be considered as well. Further, little is known about the amount of the captured 
nanoparticles throughout the filter depth. Since the retention profile of AgNPs in granular 
media filtration could be different according to the influent concentration (Liang et al. 
2013b), it is desirable to see the retention profile inside the filter bed by time and filter 
depth to elucidate the filter ripening in the granular media filtration of nanoparticles.  
Previous studies on granular media filtration of AgNPs have been focused on 
ionic strength, pH (Lin et al. 2011), composition of the filter media (Tian et al. 2010), 
capping agents (Lin et al. 2012, Song et al. 2011), filter media size and filtration velocity 
(Sagee et al. 2012). These studies of granular media filtration of AgNPs have been 
conducted in the range of mg/L for the sake of the analytical simplicity such as the direct 
application of the samples to UV-vis spectroscopy. As a result, the clear difference in the 
influence and effluent concentrations could be obtained. However, it is necessary to 
investigate granular media filtration at the low concentration of AgNPs, because the 
existing AgNP concentration in the watershed is expected to be fairly low (e.g., in the 
range of µg/L). Also, as the initial AgNP concentration increases, the aggregation of 
AgNPs in suspension can be increased (Huynh and Chen 2011, Zhang et al. 2011) and 
the breakthrough can be reached early (Wang et al. 2008b). Therefore, the physical and 
chemical parameters such as ion type and ionic strength in the granular media filtration of 
the nanoparticles mentioned above are required to be done at the low concentration as 
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well. With the analytical techniques currently available, Ag concentration can be 
analyzed down to the range of µg/L using either the graphite furnace atomic absorption 
(GFAA) or the inductively coupled plasma-optical emission spectrometer (ICP-OES). 
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Chapter 3: NANOPARTICLE TRANSPORT IN GRANULAR MEDIA 
FILTRATION: COMPARISON TO COLLOIDAL FILTRATION 
THEORY 
Abstract 
For engineered nanoparticles that are being introduced into the environment, a 
considerable amount of research has been conducted on the transport of nanoparticles in 
natural and engineered systems, especially in granular media filtration. Most studies on 
the transport model of nanoparticles in granular media filtration have focused on 
numerical simulation of particle behavior; this research was designed to test the model 
expectations with experimental evidence. The aim of study was to evaluate the widely 
used colloidal filtration model using experimental results from the transport and capture 
of nanoparticles in granular media filtration. A series of filtration tests was conducted 
under varying physical parameters such as particle size, filter media size, filter depth, and 
filtration velocity. To scrutinize the effect of physical parameters, the chemical effect was 
minimized by selecting the spherical branched polyethylenimine (BPEI) capped silver 
nanoparticles (AgNPs) as a positively charged nanoparticle to avoid electrostatic 
repulsion with the negatively charged filter media. The ionic strength and pH of the test 
solution were controlled to prevent the aggregation of AgNPs during the filtration test 
period. Overall, the experimental results fit the model quite well, but some deviation from 
the model became apparent as the particle size decreased. This result demonstrates that 
the behavior of nanoparticles could be generally similar to the particles greater than nano 
range; however, a distinctive nature of nanoparticle transport could appear in smaller size 
ranges.  
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3.1. Introduction 
The extensive use of nanoparticles in various consumer products has caused an 
increasing interest in their fate and transport in the environment. As a consequence, an 
enormous effort has been devoted to investigate the fate and transport of nanoparticles in 
the past decade. Despite the plethora of research, the question remains whether the 
transport of nanoparticles at the relatively high filtration velocities used in water 
treatment is similar to that studied previously with larger particles. 
Regarding the transport of nanoparticles in granular media filtration, the 
attachment efficiency (α) has often been estimated using the single collector contact 
efficiency (η0) calculated from the colloidal filtration model. This approach to determine 
α has been adopted by many researchers because the colloidal filtration model has shown 
good agreement with experimental results for larger particles in general. However, 
considering the recent shift of research focus from supra-micrometer colloids to 
nanoparticles, it is worthwhile to determine whether the colloidal transport model 
properly describes nanoparticle transport. Though the colloidal filtration model has been 
updated by simulations of the detailed contact between nanoparticles and the filter media 
(Long and Hilpert 2009, Ma et al. 2009, Nelson and Ginn 2011, Tufenkji and Elimelech 
2004), little effort has been made to verify the colloidal filtration model with 
experimental evidence at nano size under the conditions found in water treatment 
practice. In particular, few researchers have tested whether the effects of size within the 
nano range are well predicted by the existing models.  
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The objective of this study is to verify the colloidal filtration model with 
experimental results of the transport of nanoparticles in granular media filtration under 
conditions similar to those in water treatment plants. The filtration experiments were 
conducted in the absence of an energy barrier under various physical conditions and 
varying nanoparticle size. The physical parameters that were varied included the velocity, 
media size, and media depth. To isolate the effect of physical parameters, the chemical 
parameters were controlled in a way to minimize their effect on the filtration 
experiments. The experimental results were compared with the colloidal filtration model 
to evaluate the applicability of the model to nanoparticles. 
 
3.2. Colloidal filtration model 
 The model of Yao et al. (1971) originally explored the single collector contact 
efficiency (η0) as a sum of three particle removal mechanisms: diffusion, interception, 
and sedimentation. To express each mechanism mathematically, the analytical solution of 
the general convective-diffusion equation was obtained by simplifying the operational 
condition. This conceptual approach has been the backbone of modern colloidal filtration 
models which have been updated by several researchers in the four decades since the 
original publication of the Yao et al. model. 
One of the major updates on the colloidal filtration model was the adoption of 
Happel’s sphere-in-cell porous media model to solve the convective-diffusion equation 
numerically (Rajagopalan and Tien 1976). This concept was introduced to describe the 
flow pattern in the vicinity of a single collector by assuming a liquid envelope 
surrounding the surface of a collector. This theoretical flow pattern has been widely 
applied in the subsequent colloidal filtration models. Rajagopalan and Tien also 
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introduced the use of dimensionless numbers to characterize and generalize their 
findings. 
Subsequently, Tufenkji and Elimelech (2004) advanced the colloidal filtration 
model with the further advance of the use of dimensionless parameters incorporated with 
the detailed forces and interactions between particles and a single collector. A 
combination of the dimensionless parameters was employed to delineate the three particle 
removal mechanisms. An equation for the single collector contact efficiency (η0) was 
found as a statistical fit to a large number of results obtained by numerical solution of the 
convective-diffusion equation for a wide range of filtration conditions. Ever since, 
several updates were attempted mostly focusing on the detailed geometry of a filter bed 
(Long and Hilpert 2009, Ma et al. 2009). However, those updates resulted in minor 
modifications without altering the essential approach of the Tufenkji and Elimelech 
model. Therefore, the Tufenkji and Elimelech model was chosen as representative of the 
colloidal filtration model and compared with the experimental results in this study. 
 
3.3. Materials and Methods 
10, 50, and 100 nm spherical BPEI AgNPs were purchased from Nanocomposix 
(San Diego, CA). The size and surface charge of AgNPs were confirmed by transmission 
electron microscopy (TEM, FEI Tencai) (Figure 3.1), particle tracking analysis (LM10, 
Nanosight) (Figure 3.2), and dynamic light scattering (DLS, Malvern Zetasizer) (Figure 
3.3).  The size of BPEI AgNPs determined by TEM images was close to the size 
reported by the manufacturer (Table 3.1). The hydrodynamic diameter measured by 
Nanosight and DLS (Table 3.1) was considered to include the thickness of the capping 
agent (MacCuspie et al. 2011). The TEM measurements appear to indicate a more nearly 
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monodisperse particle size than was found from Nanosight and DLS, an apparent artifact 
of the latter systems. The surface charge of BPEI AgNPs was positive (Figure 3.4) 
because BPEI includes amine groups that would be protonated at the pH of these 
experiments (pH 7). However, the surface charge decreased as particle size decreased, 
probably due to decreased H
+
 density on the particle surface (Barisik et al. 2014) or 
greater degree of hydroxylation (Chae et al. 2010). Note that the surface charge of the 10 
nm particles was considerably less positive than that of the larger particles. Nevertheless, 
the point of zero charge of BPEI AgNPs was somewhat higher than 11 regardless of 
particle size, proving that the surface charge of BPEI AgNPs in the filtration test was 
positive. The molecular weight of the BPEI was reported by Nanocomposix, Inc. to be 
approximately 2500 Daltons, considered small enough that steric interactions between 
particles and (uncoated) filter media are assumed to be negligible. 
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Figure 3.1: TEM images of (a) 10 nm, (b) 50 nm, and (c) 100 nm BPEI AgNPs. (The 
scale bar is 100 nm is all cases.) 
 
(a) 
(b) 
(c) 
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Figure 3.2: Particle size distribution of 10 nm, 50 nm, and 100 nm BPEI AgNPs by 
Nanosight. 
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Figure 3.3: (a) Particle size distributions and (b) surface potentials of 10 nm, 50 nm, and 
100 nm BPEI AgNPs by DLS. 
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Table 3.1: BPEI AgNP properties used for filtration tests. 
Manufactured 
size 
Mean diameter
a
 
(nm) 
Hydrodynamic diameter (nm) 
Surface charge
b
  
(mV) 
pHpzc 
Nanosight DLS 
10 nm 8.28±2.57 33.31±21.34 38.01±16.69 12.98 11.30 
50 nm 44.95±3.96 83.56±35.40 87.57±33.12 42.00 11.39 
100 nm 93.35±9.77 119.01±66.65 130.24±38.63 47.30 11.15 
a
determined by TEM images (details in Appendix E), 
b
at I=1 mM of NaNO3 and pH 7 
 
 
Figure 3.4: Chemical structure of BPEI 
Spherical glass beads with diameters in the range of 300~355, 425~500, and 
710~850 µm were purchased from MO-SCI (St. Louis, MO) for use as the filter media. 
The chemical composition of the glass beads is shown in Table 3.2. Each group of beads 
was sieved on a pair of US sieves corresponding to the designated size range (#45 (354 
µm) and #50 (297 µm), #35 (500 µm) and #40 (425 µm), #20 (841 µm) and #25 (710 
µm), respectively). Prior to use, the beads were washed by the following cleaning 
process: Rinsing with DI water 10 times, sonication in 1M HNO3 solution overnight 
followed by rinsing with DI water 10 times, sonication in DI water for 10 min followed 
by rinsing with DI water 20 times, and complete drying in 105˚C oven. 
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Table 3.2: Chemical composition of glass beads. 
Compound Content (by weight) 
SiO2 60-75% 
Al2O3 0-5% 
CaO 6-15% 
MgO 1-5% 
Na2O 10-20% 
Fe2O3 < 0.8% 
 
The energy of interaction was calculated using the sum of the repulsive energy 
(VR) and attractive energy (VA) according to Equations 3-1 and 3-2; all variables in the 
following equations are defined in Appendix B. 
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The calculations (shown in Figure 3.5) indicate that favorable attachment 
conditions exist between BEPI AgNPs and the filter media for all particle sizes; that is, 
no repulsive energy barrier occurs at any separation distance. The attachment efficiency 
(α) was, therefore, assumed to be 1. With that assumption, the single collector contact 
efficiency (η0) was directly calculated from Equation 3-3 using the removal efficiency 
from each filtration test.  
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Figure 3.5: Energy of interaction with 10 nm, 50 nm, and 100 nm BPEI AgNPs (I=1 
mM of NaNO3 at pH 7). 
A cylindrical column with a 3.81 cm inner diameter was employed for the 
filtration tests. The filtration test system was designed to separate the AgNP suspension 
and the background solution until the two solutions were mixed immediately before the 
filter entrance (Figure 3.6). The flow rate of each solution was controlled to achieve the 
designated filtration velocity (2, 4, or 8 m/hr) and influent AgNP concentration (100 
µg/L). A series of filtration tests was conducted under varying filter depth, filtration 
velocity, particle size, and filter media size (Table 3.3). Each filtration test consisted of 
two phases; 45 pore volumes of filtration with AgNPs followed by 45 pore volumes of 
filtration without AgNPs. The main purpose of each test was to obtain the removal 
efficiency, that is, a plateau in relative concentration according to the test condition, to 
compare with model predictions. Ionic strength was fixed at 1 mM of NaNO3 and pH was 
controlled at 7 using 0.025 mM bicarbonate buffer. The influent and effluent samples 
were acidified in 3% trace metal grade HNO3 solution, and Ag concentration was 
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analyzed using a Varian 710 (Agilent, Santa Clara, CA) inductively coupled plasma-
optical emission spectroscopy (ICP-OES). 
 
Figure 3.6: Schematic figure of the granular media filtration system. 
Background
Water
AgNPs
Suspension
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Glass
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Gear 
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Table 3.3: Summary of the filtration tests. 
Experiment #
a
 
Particle size 
 (nm) 
Filter media size 
(µm) 
Filter depth  
(cm) 
Filtration velocity 
(m/hr) 
B10-M325-L4-V2 10 325 4 2 
B10-M325-L4-V4 10 325 4 4 
B10-M325-L4-V8 10 325 4 8 
B10-M325-L2-V4 10 325 2 4 
B10-M325-L8-V4 10 325 8 4 
B10-M463-L4-V4 10 463 4 4 
B10-M776-L4-V4 10 776 4 4 
B50-M325-L4-V2 50 325 4 2 
B50-M325-L4-V4 50 325 4 4 
B50-M325-L4-V8 50 325 4 8 
B50-M325-L2-V4 50 325 2 4 
B50-M325-L8-V4 50 325 8 4 
B50-M463-L4-V4 50 463 4 4 
B50-M776-L4-V4 50 776 4 4 
B100-M325-L4-V2 100 325 4 2 
B100-M325-L4-V4 100 325 4 4 
B100-M325-L4-V8 100 325 4 8 
B100-M325-L2-V4 100 325 2 4 
B100-M325-L8-V4 100 325 8 4 
B100-M463-L4-V4 100 463 4 4 
B100-M776-L4-V4 100 776 4 4 
a Details of experiment case name conventions are in Appendix F. 
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3.4. Results and Discussion 
Particle aggregation. Aggregation of BPEI AgNPs was negligible at I=1 mM of 
NaNO3 and pH 7 (Figure 3.7). This result was consistent with previous reports that the 
stability of BPEI AgNP would be greatest near pH 7 (El Badawy et al. 2010) and the 
aggregation of BPEI AgNP would be insignificant even at I=1000 mM (El Badawy et al. 
2012). Therefore, the stability of BPEI AgNPs was assured in the filtration condition.  
0
20
40
60
80
100
120
140
0 5 10 15 20 25 30
100 nm
50 nm
10 nm
H
y
d
ro
d
y
n
a
m
ic
 D
ia
m
e
te
r 
(n
m
)
Time (min)
  
Figure 3.7: Time-resolved aggregation results of 10 nm, 50 nm, and 100 nm BPEI 
AgNPs (I=1 mM of NaNO3 at pH 7). 
Electrostatic effect on transport of BPEI AgNPs. As a supplemental study, the 
transport of BPEI AgNPs was examined under different pH values or ionic strengths 
(Figure 3.8). The breakthrough curves were almost identical even with the change in pH 
(Figure 3.8a) or ionic strength (Figure 3.8b&c). These results suggest that the 
electrostatic (or steric) interactions between BPEI AgNPs are unimportant relative to the 
favorable electrostatic interaction between the nanoparticles and the filter media. 
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Figure 3.8: (a) Effect of pH on 10 nm BPEI AgNPs at I=1 mM of NaNO3, (b) Effect of 
ionic strength on 10 nm BPEI AgNPs at pH 7, and (c) Effect of ionic 
strength on 50 nm BPEI AgNPs at pH 7. 
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Effect of filter depth. For the contact efficiency (η0) estimation from the 
experimental results, the stabilized relative concentrations of 10, 50, and 100 nm BPEI 
AgNPs were examined at three different filter depths (2, 4, and 8 cm) with 4 m/hr 
filtration velocity and 325 µm filter media size. The overall result qualitatively followed 
the general expectation that deeper filter depth results in greater particle deposition 
(Figure 3.9). The time to reach a stabilized relative concentration was slightly increased 
as the filter depth became shallower. The removal trend as a function of particle size 
indicates the greater AgNP capture of smaller AgNPs due to their more vigorous 
Brownian motion. Note that the relative concentration was nearly constant after a short 
period. Even though the tests were conducted at the low range of the ratio of filter depth 
to filter media size (L/dc) (62, at the lowest), a constant level of AgNP deposition was 
maintained for a sufficient period to obtain an apparent steady state relative 
concentration. This result might be due to slow ripening as a consequence of low influent 
AgNP concentration.  
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Figure 3.9: Effect of filter depth on the transport of (a) 10 nm, (b) 50 nm, and (c) 100 
nm BPEI AgNPs (v0=4 m/hr and dc=325 µm). 
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Effect of filtration velocity. To investigate the effect of filtration velocity, three 
filtration velocities (2, 4, and 8 m/hr) were applied to the filtration of 10, 50, and 100 nm 
BPEI AgNPs with 4 cm filter depth and 325 µm filter media size. Particles have less time 
to contact the filter media with increased filtration velocity, leading to less particle 
deposition. The effect of increased velocity on deposition is expected to be greater for 
particles whose capture is by sedimentation than for particles captured by Brownian 
motion. Although Ag has a relatively high density (10.49 g/cm
3
), sedimentation of these 
small nanoparticles onto the filter media was calculated to be negligible in comparison to 
deposition by Brownian motion. The velocity effect was apparent in all particle sizes 
tested (Figure 3.10). The results from these experiments show a moderate change in 
AgNP deposition caused by the velocity variation (i.e., approximately 30% increase in 
the fraction remaining with a four-fold increase in filtration velocity). 
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Figure 3.10: Effect of filtration velocity on the transport of (a) 10 nm, (b) 50 nm, and (c) 
100 nm BPEI AgNPs (L=4 cm and dc=325 µm). 
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Effect of filter media size. Three different filter media sizes (325, 463, and 776 
µm) were employed to study the effect of filter media size on the filtration of 10, 50, and 
100 nm BPEI AgNPs. The filtration tests were conducted with 4 cm filter depth and 4 
m/hr filtration velocity. With regard to the three sizes of AgNPs, the AgNP deposition 
was elevated as filter media size decreased (Figure 3.11) due to the decreased pore sizes, 
the increased number of media layers for the same depth, and the increased surface area 
of the filter media. As the size of AgNPs increased from 10 nm to 100 nm, the AgNP 
deposition decreased for all filter media sizes. Specifically, when the filter media size 
was decreased from 776 to 325 µm, the fraction remaining for 10, 50, and 100 nm was 
decreased 65.1%, 46.5%, and 37.6%, respectively. Especially, 100 nm AgNPs were 
rarely captured in 776 µm filter media even under favorable attachment conditions. If 
nanoparticles are to be removed using granular media filtration, decreasing filter media 
size could be considered an important option. 
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Figure 3.11: Effect of filter media size on the transport of (a) 10 nm, (b) 50 nm, and (c) 
100 nm BPEI AgNPs (L=4 cm and v0=4 m/hr). 
Effect of particle size. All of the tests followed the general knowledge that the 
filtration efficiency is lowered at less filter depth, higher velocity, and greater media size, 
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but the objective in this research was to test whether these trends fit the predictions of the 
Tufenkji and Elimelech model. In Figure 3.12, the model predictions and the 
experimental results are compared, using both the mean diameter and the hydrodynamic 
diameter determined by TEM and DLS, respectively, in the model predictions. Recall 
from Table 3.1 that these two values for each particle size were substantially different, 
with the hydrodynamic diameter being 30 to 40 nm larger than the mean diameter. The 
hydrodynamic diameter includes the solvent and macromolecules that adhere to particle 
surface in a liquid medium; using this measure in the predictions accounts for the fact 
that the added layer on the core particle impacts the diffusivity of the particle. In virtually 
all cases shown in Figure 3.12, the two sets of model predictions bracket the experimental 
results, but in some cases, one of the predictions fits much better. 
Considering the predictions using the mean (TEM) diameter, the experimental 
results were quite consistent with the colloidal filtration model expectation in the case of 
the 50 and 100 nm BPEI AgNPs (parts (d) to (i) of Figure 3.12). Of the 18 experiments 
shown for these two types of particles, only three have results that were closer to the 
model predictions using the hydrodynamic diameter, and several results were predicted 
quite precisely by using the mean diameter. However, the removal efficiency of 10 nm 
BPEI AgNPs (parts (a) to (c) of Figure 3.12) was approximately 20~30% less than the 
model prediction using the mean diameter for the model particle size, and most of the 
results were predicted somewhat better (but not precisely) using the hydrodynamic 
diameter. Taken together, these results suggest that the colloidal filtration model is 
generally quite valid, but the effect of particle size is not accounted for quite properly.  
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Figure 3.12: Comparison of experimental results and model predictions for all parameters studied.  (Particle size varies from 
top (10 nm) to bottom (100 nm) and each column represents the variation of a different physical parameter (depth, 
velocity, and media size from left to right.)  .
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 As far as diffusion is concerned, hydrodynamic diameter has a preference over 
core diameter because the adsorbed layer on the particle surface is also considered as a 
part of particle. Therefore, the entire particle diameter including the added layer is 
generally considered to affect the diffusivity of a particle.  
However, considering a 30-40 nm discrepancy between the mean diameter and 
the hydrodynamic diameter in this study, the hydrodynamic diameter could be 
overestimated due to the artifact of the analytical method. In fact, the data processing in 
DLS could provide inevitable error which leads to overestimation (Khlebtsov and 
Khlebtsov 2011). Therefore, the true hydrodynamic diameter is likely to be between the 
diameters determined by TEM and DLS, and such a trend would result in a better fit of 
the experimental results to the model. 
Nevertheless, smaller AgNPs showed a different degree of deviation between the 
experimental results and the model predictions, suggesting a possible alteration of 
nanoparticle properties as the size gets smaller than 50 nm. Others have suggested that 
the size dependent property is more likely to appear below 10 nm (Bian et al. 2011), but, 
little is known about the details.  
Regarding the size dependent property, the vigorous Brownian motion of 
nanoparticles especially at extremely small size could cause a change in the deposition of 
nanoparticles. Either increased or decreased removal can be anticipated by an increased 
number of collisions with filter media as well as the slippery movement of particles in 
vicinity of filter media. A drastic increase in the diffusion coefficient of nanoparticles less 
than 10 nm (Bhatt et al. 2013) supports the greater kinetic energy of such a small 
nanoparticle. The rebounding nature of nanoparticles below 10 nm was proposed in 
aerosol filtration studies since early 1990’s (Wang and Kasper 1991), but this 
phenomenon is far less likely in water where the  mean free path is far smaller than in 
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air. In case of particle transport in a liquid medium, the decreased deposition (relative to 
model predictions) could be a result of lesser friction between particles. Thus, this 
scenario suggests that the attachment efficiency (α) of a very small nanoparticle might be 
less than 1 even under favorable attachment conditions. To elucidate the change in 
diffusion as a function of nanoparticle size, the transport of nanoparticles can be 
investigated under conditions that vary the viscosity of the background solutions (e.g., 
applying deuterium oxide (D2O) or methanol instead of water). 
Also, smaller particles such as 10 nm in size could display more hydrophilic 
nature because the curvature becomes greater as particle size becomes smaller leading to 
more bound water molecules on the surface. For example, as fullerene nanoparticle size 
becomes smaller, less fullerene deposition onto silica surfaces was reported due to more 
hydrophilic nature of smaller nanoparticles which led to greater charge stabilization 
(Chae et al. 2010). Also, considering a smaller nanoparticle in the transition stage from 
molecule to particle, the deposition of nanoparticles onto filter media could be 
undermined in terms of hydrophobic interaction.  
Another possible reason for variation in removal efficiency of smaller 
nanoparticles than predicted by the model is the stronger steric stabilization by the 
capping agent. More organic molecules can adsorb on smaller particles which have 
greater abundance of the edge and corner sites (Grassian 2008), so that smaller BPEI 
AgNPs are likely to have a denser capping layer compared to the larger particles. Further 
estimation of the adsorbed layer thickness on AgNPs is required to support this argument. 
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3.5. Conclusions 
The effect of physical parameters on the transport of BPEI AgNPs in granular 
media filtration was experimentally evaluated under favorable attachment conditions. A 
stable relative concentration of the effluent was obtainable during the test period due to 
low influent AgNP concentration which retarded ripening and prevented aggregation in 
the suspension. Brownian motion was dominant in the experimental conditions tested in 
this study. Deeper filter depth, lower filtration velocity, and smaller filter media size led 
to more AgNP deposition as expected. With regard to the physical variables and their 
values tested in this study, the removal efficiency for all particle sizes was significantly 
enhanced by decreasing filter media size from 776 to 325 µm. This result suggests that 
the selection of filter media size could be a decisive factor for nanoparticle removal using 
granular media filtration. When using the mean (TEM) diameter for the model 
predictions, the transport of 100 nm BPEI AgNPs in granular media filtration showed 
good agreement with the expectations from the colloidal filtration model of Tufenkji and 
Elimelech (2004), proving the validity of the model. However, as the particles decreased 
to 50 and 10 nm, the experimental results tended to move toward the predictions using 
the (larger) hydrodynamic diameter. These results imply a variation in nanoparticle 
property as particles get smaller. Since size-dependent nanoparticle transport is not well 
understood, more experimental evidence with different types of nanoparticles is required 
to support the conceivable arguments in favor of such an effect. 
Further investigation on the transport of the smaller-sized nanoparticles is 
required to obtain sufficient experimental data to update the colloidal filtration model 
especially in the size range less than 50 nm. The updated colloidal filtration model would 
be beneficial for predicting contact efficiency (η0) in such a small particle size range, 
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which then could lead to an accurate estimation of the attachment efficiency (α) under 
unfavorable attachment conditions.  
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Figure 3.13: Comparison of experimental results and model predictions: (a) dc=325 µm, 
L=4 cm, v0=4 m/hr, (b) dc=463 µm, L=4 cm, v0=4 m/hr, (c) dc=776 µm, L=4 
cm, v0=4 m/hr. 
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Figure 3.14: Comparison of experimental results and model predictions: (a) dc=325 µm, 
L=4 cm, v0=2 m/hr, (b) dc=325 µm, L=4 cm, v0=4 m/hr, (c) dc=325 µm, L=4 
cm, v0=8 m/hr. 
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Figure 3.15: Comparison of experimental results and model predictions: (a) dc=325 µm, 
L=2 cm, v0=4 m/hr, (b) dc=325 µm, L=4 cm, v0=4 m/hr, (c) dc=325 µm, L=8 
cm, v0=4 m/hr. 
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Chapter 4: EFFECT OF IONIC STRENGTH AND ION TYPE ON 
ATTACHMENT OF SILVER NANOPARTICLES IN GRANULAR 
MEDIA FILTRATION 
Abstract 
The increasing use of silver nanoparticles (AgNPs) has raised concerns about their impact 
on the environment. Therefore, it is desirable to examine the transport of AgNPs in both 
natural and engineered systems. Since many researchers focused on a relatively high 
concentration of nanoparticles in their transport study, this study focuses on the transport 
of low concentrations of AgNPs in granular media filtration at velocities used in water 
treatment. Experiments with different ionic strengths, ion types, and AgNP capping 
agents (citrate and PVP) were conducted. Attachment of citrate AgNPs was enhanced 
with high ionic strength and divalent ions (Ca and Mg ions), in accordance with classical 
electrostatic destabilization. It was found that either a lower energy barrier or a 
suppressed double layer contributed to yield less electrostatic repulsion. The retention 
profile (captured particles as a function of filter depth) showed relatively uniform AgNP 
deposition throughout the filter depth when aggregation was impeded. On the other hand, 
under conditions at which aggregation was likely to occur, the deposition was greatest 
near the entrance to the filter bed and decreased hyper-exponentially with greater depth. 
Due to the low AgNP concentration, more than 90% of AgNPs could be recovered using 
the simplified AgNP dissolution method. PVP capped AgNPs showed stronger stabilizing 
effects than citrate-capping due to the minimized electrostatic effect.  
Keywords 
Ionic strength, ion type, capping agent, attachment, retention profile 
  
  73 
4.1. Introduction 
Silver nanoparticles (AgNPs) are the most frequently reported additions to 
nanotechnology-based consumer products (Rejeski et al. 2014). As the use of AgNPs 
increases, their discharge and transport from terrestrial regions into water bodies is 
expected to increase (Gottschalk et al. 2009, Kaegi et al. 2011, Lowry et al. 2012). The 
toxicity of AgNPs to microorganisms (Laban et al. 2010, Wood et al. 1999) and to 
humans (Panyala et al. 2008) is well known. Further, the reported silver concentration in 
selected waters (Wen et al. 2002) is already close to the quantity of AgNPs that have 
demonstrated a negative impact on bacteria (Choi and Hu 2008) and daphnia (Griffitt et 
al. 2008). It is therefore advantageous to study the fate and transport of AgNPs in the 
environment to evaluate realistic toxicity risks and determine how they might be 
mitigated. 
The transport of AgNPs into the environment could lead to encounters with other 
particles such as soil or filter media. As a research tool of particle-particle interactions, 
water saturated granular media filters have been used to study attachment between filter 
media and various nanoparticles such as TiO2 (Guzman et al. 2006, Joo et al. 2009, 
Petosa et al. 2012, Solovitch et al. 2010), fullerene (Espinasse et al. 2007, Lecoanet and 
Wiesner 2004, Wang et al. 2008b), carbon nanotubes (Jaisi et al. 2008, Liu et al. 2009a), 
and Fe
0
 (Phenrat et al. 2009, Saleh et al. 2008, Tiraferri and Sethi 2009). Previous studies 
report that nanoparticles are highly affected by the electrostatic (Tosco et al. 2012) and 
steric (Jones and Su 2012) interactions of their stabilizing organic coatings (“caps”), an 
indication that chemical attachment is the main removal mechanism rather than physical 
straining.  
Several studies have specifically looked at the transport of AgNPs in granular 
media filtration. They have shown that the stability of the particles is affected by a host of 
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factors such as ionic strength, pH (Lin et al. 2011), composition of the filter media (Tian 
et al. 2010), capping agents (Lin et al. 2012, Song et al. 2011), filter media size, and 
filtration velocity (Sagee et al. 2012). However, those studies were conducted at mg/L 
levels of silver for the sake of analytical convenience (Fabrega et al. 2011). To assess the 
actual transport of AgNPs within granular media filters, it is necessary to perform 
experiments at environmentally relevant concentrations (µg/L). High concentrations of 
nanoparticles produce unrealistic conditions such as inhibition of further attachment by 
early coverage of the available deposition sites (Bradford et al. 2007, Wang et al. 2012a), 
more likely aggregation prior to deposition, or higher electrostatic repulsion from the 
deposited nanoparticles (Chowdhury et al. 2011).  
Generally, particles suspended in water possess a negative charge under relevant 
pH conditions. This means the interaction between the nanoparticles and filter media is 
energetically unfavorable. Nevertheless, the capacity to capture nanoparticles in a filter 
bed can be enhanced through varying physical and chemical conditions, and complete 
deposition of the nanoparticles has been observed (Petosa et al. 2010).  
In this study, a low AgNP concentration was applied to a granular media filter to 
investigate the effect of different ionic strengths, ion types, and capping agents on the 
AgNP attachment. The energy of interaction was introduced on the basis of the surface 
charges of AgNPs and the filter media to interpret the electrostatic interaction. In 
addition, the amount of AgNPs captured in the filter bed was quantified at different filter 
depths to examine the AgNP attachment throughout the entire filter depth. 
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4.2. Materials and Methods 
4.2.1. AgNP suspensions 
Citrate and PVP capped AgNPs were purchased from NanoComposix (San Diego, 
CA). Citrate and PVP were chosen because they are the two most commonly used 
capping agents in AgNPs synthesis (Tolaymat et al. 2010). The stock AgNP suspension 
was 1 mg/mL with an average particle size of 50 nm. The monodispersed size 
distribution and spherical shape for the citrate- and PVP-capped particles were confirmed 
by transmission electron microscopy (TEM, FEI Tencai) and dynamic light scattering 
(DLS, Malvern) as shown in Figure 4.1. The surface charge of the particles was analyzed 
by dynamic light scattering (DLS, Malvern). 
The mean diameter measured from TEM images was close to the diameter 
reported by manufacturer. However, a greater particle size (expressed as hydrodynamic 
diameter) was obtained by DLS (Table 4.1). DLS estimates the diffusivity of particles 
from the wavelength of scattered light and utilizes the Stokes-Einstein equation to 
determine particle size as hydrodynamic diameter (Boyd et al. 2011). Since the 
hydrodynamic diameter includes the adsorbed molecules on the particle surface, a greater 
particle size is expected from DLS than TEM. Considering the greater molecular weight 
of PVP compared to citrate, it is conceivable to have a greater hydrodynamic diameter 
with PVP capping. Assuming more reliability on direct observation (Domingos et al. 
2009), the TEM mean diameter was used in the calculations of the following sections. 
Note that the standard deviations of the diameters for both types of particles were far 
greater for the hydrodynamic diameter than for the TEM measurements; the TEM images 
in Figure 4.1 seem to confirm that the distribution was much tighter than suggested by the 
DLS measurements. 
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The stock suspension was diluted in DI water to obtain the desired concentration 
for the filtration experiments. The stock suspension was stored at 4˚C protected from 
light. This study focused on the transport of AgNPs, preventing the change of particle 
property such as dissolution (Liu and Hurt 2010), aggregation (Li and Lenhart 2012), or 
sulfidation (Kim et al. 2010, Levard et al. 2011) during the experiment. 
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Figure 4.1: (a) Citrate AgNP size distribution by DLS and (b) TEM image of citrate 
AgNPs. (c) PVP AgNP size distribution by DLS and (d) TEM image of PVP 
AgNPs. (The scale bar is 100 nm in (b) and (d).) 
(b) 
(d) 
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Table 4.1: Citrate- and PVP-capped AgNP properties used for filtration tests. 
Capping 
agent 
Mean diameter
a
 
(nm) 
Mean diameter
b
 (nm) 
Mean hydrodynamic 
diameter
c
 (nm) 
Surface charge
d
 
(mV) 
Citrate 53.5±4.4 54.30±2.52 58.05±19.12 -43.37 
PVP 49.9±4.6 45.86±5.06 72.59±26.78 -28.32 
a
reported by manufacturer (details in Appendix D), 
b
determined by TEM images (details 
in Appendix E), 
c
determined by DLS, 
d
at I=10 mM of NaNO3 and pH 7 
4.2.2. Granular media 
Spherical glass beads with diameters in the range of 300~355 µm were purchased 
from MO-SCI (St. Louis, MO) and used to pack the granular media bed. The spherical 
shape and monodisperse size distribution was confirmed by the scanning electron 
microscopy (SEM, Zeiss) as shown in Figure 4.2. Prior to use, the beads were screened 
using US sieves #45 (354 µm) and #50 (297 µm). After each filtration test, the beads 
were washed by an overnight sonication in 1M HNO3 solution as well as a standard 
cleaning process (Tobiason 1987) to ensure that the surface of the beads was clean. The 
surface charge of the beads was measured by DLS after grinding particles (El Badawy et 
al. 2013, Liang et al. 2013b).  
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Figure 4.2: SEM image of the 300~355 µm spherical glass beads. 
4.2.3. Filtration experiments 
A laboratory-scale acrylic cylindrical column (3.81 cm inner diameter) was used 
for the experiments. Eight Teflon spherical balls were placed above the filter bed to 
produce an evenly distributed influent flow across the top of the filter bed. The glass 
beads were packed to a 10 cm depth inside the column. The porosity of the packed bed 
was determined gravimetrically to be 0.42. The AgNP suspension and background water 
were separately prepared (Figure 4.3) to prevent physical/chemical changes in the AgNPs 
prior to the filtration test. The two influents (AgNP suspension and background water) 
were pumped via a gear pump (Micropump, Cole Parmer) and a peristaltic pump (Easy-
load II, Masterflex), respectively, and mixed immediately before the column entrance. 
The flow ratio of the AgNP suspension to the background water was kept at 1:20 to 
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maintain an influent AgNP concentration less than 100 µg/L. The total flow rate was kept 
at 40 mL/min in a down-flow configuration, yielding a superficial velocity of 2 m/h, a 
value that is within the range of filtration velocities used in conventional drinking water 
treatment plants. These conditions are calculated to yield a Reynolds number of 0.2 and 
are therefore thought to reflect laminar flow. 
 
Figure 4.3: Schematic figure of the granular media filtration system. 
Ionic strength was held to 1 to 100 mM by varying the amount of Ca(NO3)2, 
Mg(NO3)2, or NaNO3 added to the background water; the specific chemical conditions 
for each test are summarized in Table 4.2. The pH of the background water was 
maintained at 7.0 with 0.025 mM bicarbonate buffer to prevent any significant change of 
the surface charge. No natural organic matter (NOM) was included in this study. The 
media was flushed at least for 30 pore volumes by the background water used in the 
subsequent test. Each filtration test included the following steps: 1) 25 pore volumes (30 
minutes) of filtration with AgNPs and 2) 25 pore volumes (30 minutes) of filtration 
without AgNPs. Samples were collected every 1 to 2 min during the filtration period. All 
Background
Water
AgNPs
Suspension
Effluent
Glass
bead
Gear 
pump
Peristaltic 
pump
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glassware used in the experiments was cleaned in a 10% nitric acid (v/v) bath overnight 
and rinsed with DI water at least seven times followed by complete drying before use. 
After each filtration test was completed, the filter bed was cut into five sections 
after draining. To obtain five sections from the entire filter bed, the filter bed was gently 
pushed out of the column using a rod in the vertical downward direction until 
approximately 2 cm filter depth was collected in a container. Once the container was 
fully filled with filter media, the sectioned filter bed was acidified with 3% nitric acid 
solution to achieve a complete dissolution of AgNPs from the filter bed. This process was 
repeated five times until the entire filter bed was sectioned. 
  81 
Table 4.2: Summary of the filtration tests with different ionic strengths, ion types, and 
capping agents. 
Experiment #
a
 Capping agent 
Ionic strength 
(and source) 
C50-I1-Ca Citrate 1 mM Ca(NO3)2 
C50-I5-Ca Citrate 5 mM Ca(NO3)2 
C50-I10-Ca Citrate 10 mM Ca(NO3)2 
C50-I10-Na Citrate 10 mM NaNO3 
C50-I100-Na Citrate 100 mM NaNO3 
C50-I10-Mg Citrate 10 mM Mg(NO3)2 
P50-I1-Ca PVP 1 mM Ca(NO3)2 
P50-I5-Ca PVP 5 mM Ca(NO3)2 
P50-I10-Ca PVP 10 mM Ca(NO3)2 
P50-I10-Na PVP 10 mM NaNO3 
P50-I100-Na PVP 100 mM NaNO3 
P50-I10-Mg PVP 10 mM Mg(NO3)2 
a C or P refers to citrate or PVP, 50 is for 50 nm size, the I value is the ionic strength 
(mM), and the chemical name is the source of the ionic strength. 
 
4.2.4. Energy of interaction 
DLVO theory was adopted to calculate the energy of interaction between AgNPs 
and the filter media. Assuming the interaction between a flat plate and a spherical 
particle, the repulsive energy (VR), attractive energy (VA), and Born repulsive energy 
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(VB) were calculated according to Equations 4-1, 4-2, and 4-3, respectively. The sum of 
the energy values was used to express the energy of interaction. 
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where ap : Particle radius (nm) 
ε0 : Permittivity in vacuum (8.854×10
-12
 C
2
/J-m) 
εr : Relative permittivity of water (78.5 at 298K) 
ψdf : Surface potential of filter media (V) 
ψdp : Surface potential of AgNP (V) 
κ : Inverse characteristic length of diffuse layer (nm-1) 
s : Separation distance (nm) 
A : Hamaker constant (generally assumed 2.75×10
-20
 J (El Badawy et al. 2013)) 
λ : Characteristic wavelength (generally assumed as 100 nm (Anandarajah and 
Chen 1995)) 
σc : Collision diameter (generally assumed as 0.5 nm (Elimelech et al. 1998)) 
The inverse characteristic length of the diffuse layer was simply calculated as in 
Equation 4-4 (Hunter 1981) 
3.288 I   (4-4)  
where I : Ionic strength (M). 
Note the energy of interaction is highly dependent on surface potentials. 
However, these did not vary significantly around pH 7 which was used in the experiment. 
Surface potentials were calculated from zeta potential using Equation 4-5 (z is taken to be 
5 Å) (Vanoss et al. 1990). 
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where ψ : Surface potential (V) 
ζ : Zeta potential (V) 
a : Particle radius (nm) 
z : Distance from the particle surface to the slipping plane (nm) 
 
4.2.5. Sample analysis 
AgNP samples of the filter effluent were immediately acidified with trace metal 
grade HNO3 to a final acid concentration of 3% (v/v) (sample pH < 0.5), which promotes 
virtually complete dissolution of AgNPs (Elzey and Grassian 2010). The samples were 
stored acidified at least six hours at 4˚C. Ag concentration was analyzed using a Varian 
710 (Aglient) inductively coupled plasma-optical emission spectroscopy (ICP-OES) with 
1 µg/L Ag instrument detection limit.  
  
4.3. Results and Discussion 
During the first 25 pore volumes of the filtration, the breakthrough curve was 
rapidly developed and approached a steady-state value, indicating the AgNPs removal 
was consistent. As soon as AgNP injection was stopped and the rinsing period started at 
25 pore volumes, the relative concentration of AgNPs started to drop to zero approaching 
another steady-state. In this period, it was considered that the uncaptured AgNPs were 
flushed out of the filter.  
Effect of ionic strength and ion type. Figure 4.4 shows the effect of ionic 
strength and ion type on the granular media filtration of citrate AgNPs. As shown in parts 
(a) and (b) of the figure, increasing the ionic strength as Ca(NO3)2 or NaNO3 resulted in 
higher attachment between AgNPs and filter media, caused by the decreasing 
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electrostatic repulsive forces by reducing the thickness of the diffuse layer surrounding 
the AgNPs. Note that dramatic difference in the effect of changing ionic strength in these 
citrate experiments than in the BPEI experiments shown in Chapter 3; for BPEI 
substantial changes in NaNO3 concentration made little or no difference (Figure 3.8c), 
but for citrate capped AgNPs, the difference was dramatic (Figure 4.4b). As explained in 
Chapter 3, removal of particles was essentially independent of the solution conditions in 
the BPEI experiments because of the favorable electrostatic interaction between the 
positively charged AgNPs and the negatively charged media surface. For these citrate 
capped AgNPs, both the particles and the media were negative, so that the solution 
conditions became important. 
Figure 4.4(c) indicates the attachment of AgNPs surrounded by Ca(NO3)2 or 
Mg(NO3)2 was dramatically enhanced in comparison to those with NaNO3 at the same 
ionic strength (10 mM). This difference is considered to be a result of Ca-citrate or Mg-
citrate complexation. Since Ca and Mg ions have higher affinity to citrate than Na ion 
(Walser 1961) and the adsorption of positively charged ions such as Ca
2+
 and Mg
2+
 onto 
the particle surface leads to charge neutralization, Ca- or Mg-citrate complex reduces the 
electrostatic repulsion. Also, the dissociation constants calculated at pH 7 indicate 
slightly stronger complex with Mg
2+
 than Ca
2+
 (Equations 4-6, 4-7, and 4-8), and the 
results in Figure 4.4(c) indicate better destabilization by Mg
2+
 than by Ca
2+
. 
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Figure 4.4: Breakthrough curves of citrate AgNPs with different (a) ionic strength of 
Ca(NO3)2, (b) ionic strength of NaNO3 and (c) ion type (at pH 7). 
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The different levels of citrate AgNP deposition is clearly shown in terms of 
attachment efficiency (α) which was calculated by the following equation (Tufenkji and 
Elimelech 2004). 
0 0
2
ln
3 (1 )
cd C
L C

 
 
   
  
 (4-9)  
where dc: Filter media diameter (cm) 
ε: Porosity 
L: Filter depth (cm) 
η0: Contact efficiency (Tufenkji and Elimelech 2004) 
Figure 4.5 shows the attachment efficiency (α) calculated from each test 
condition. Because all physical conditions and the particles themselves were identical in 
this set of experiments, the α value qualitatively followed the inverse of the fraction 
remaining in the breakthrough curves. This result also demonstrates the significant 
attachment caused by ionic strength increase or greater complexation of the citrate-
capped surface by the background ions. However, the experimental conditions in this 
study were not sufficient to reach α=1, which represents favorable attachment (no 
electrostatic repulsion). α can be an indicator to compare the overall attachment degree 
among different test conditions. However, this calculation is based on the equal 
deposition rate throughout a full filter since the contact efficiency is assumed to be the 
same throughout the filter bed. Therefore, it is desirable to examine the retention profile 
whether the deposition rate is different at different filter depths.  
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Figure 4.5: Attachment efficiency of citrate AgNPs according to different ionic strength 
and ion types. 
Retention profile. In the tests with citrate AgNPs at I=1 mM Ca(NO3)2 or I=10 
mM NaNO3, a nearly vertical line was obtained for the retention profile (Figure 4.6), 
indicating that the attachment occurred evenly throughout the filter depth. This result 
suggests that AgNPs can travel through the pore spaces and deposit onto any filter media. 
For particles greater than nano-scale, it is generally found that the upper filter bed can 
attract more particles because the particle concentration in the suspension decreases with 
depth. However, AgNPs seem to be distributed fairly equally throughout the filter, 
perhaps due to their tiny size and vigorous (Brownian) movement which enable AgNPs 
to move everywhere and even to the primary energy minimum. On the other hand, since 
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AgNP deposition onto the filter media is more likely to happen at higher ionic strength 
such as I=10 mM Ca(NO3)2, those with the hyperexponential curve are considered to 
have ripening at the top of the filter bed, resulting in a possible AgNP aggregation on the 
filter media surface; that is, AgNPs that were captured early in the filter run helped to 
capture more particles later in the run. 
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Figure 4.6: Retention profile of citrate AgNPs after filtration test. 
Mass balance. Figure 4.7 shows the portion of attached, not attached, and lost 
citrate AgNPs by mass. More than 90% of the injected AgNP was recovered in all tests. 
This result indicates that the simplified analytical method (AgNP dissolution in 3% nitric 
acid) was successful to analyze the dissolved AgNPs using ICP-OES with a low AgNP 
concentration.  
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Figure 4.7: Mass balance of citrate AgNPs in the filtration tests. 
Electrostatic interactions. The surface charges of citrate AgNPs and glass beads 
at different ionic strengths and ion types (Figure 4.8) were employed to investigate 
electrostatic interaction. In the neutral pH range (pH 7) at which the filtration tests were 
conducted, the greatest (negative) surface charge was shown with Na ion at I=10 mM, 
while the surface charge with Ca or Mg ion was less negative. This result supports the 
idea that more complexation of citrate occurred with Mg and Ca ions than with Na ions in 
this study. In addition, the surface charge of citrate AgNPs with Ca ions was almost 
identical regardless of ionic strength, suggesting that the surface potential of citrate 
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AgNPs was neutralized even at the lowest ionic strength. According to DLVO theory, the 
double layer thickness is the same for monovalent and divalent ions at the same ionic 
strength. Overall, the magnitude of the negative surface potential value was greater for 
glass beads than for citrate AgNPs, which could be additional evidence of charge 
neutralization by Ca-citrate complexation. Interestingly, the surface charge of glass beads 
with I=10 mM of NaNO3 was substantially more negative compared to other conditions. 
Considering the fact that there was no citrate on the surface of glass beads, the charge 
neutralization of glass beads occurred differently from that of citrate AgNPs. It is 
considered that negatively charged glass beads would interact with cations such as Ca
2+,
 
Mg
2+
, and Na
+
. Therefore, the level of neutralization could depend on the concentration 
and the valence of cations in background solution. Also, since the surface charge was 
calculated from the zeta potential measured by DLS, the suppressed double layer by Ca
2+,
 
Mg
2+
, or high concentration of Na
+
 might exhibit higher surface potential compared to 
less suppressed one.  
In terms of the calculated height of energy barrier (Figure 4.9), the case with I=10 
mM of NaNO3 was supposed to yield the least attachment. However, the AgNP removal 
was the least with I=1 mM Ca(NO3)2, a condition which was calculated to have a lower 
but wider energy barrier. It is plausible that electrostatic repulsion could be interpreted by 
not only the height but also the width of the energy barrier. 
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Figure 4.8: Surface potentials of (a) citrate AgNPs and (b) glass beads at different ionic 
strengths and ion types. 
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Figure 4.9: Energy of interaction between citrate AgNPs and filter media (pH=7). 
PVP capped AgNPs. With PVP AgNPs, the impact of electrostatic interaction 
was minimal (Figure 4.10), with nearly identical breakthrough curves regardless of ionic 
strength and ion type. The change of electric charge and the associated effect on double 
layer was insignificant with PVP coating in the tested range of ionic strength. Also, the 
tailing effect in the rinsing period (especially 30-40 pore volumes) was obvious 
suggesting detachment or re-entrainment of the loosely captured AgNPs; note that the 
decline to near zero concentration in this period was much slower than in the citrate 
experiments (Figure 4.4). 
These results support the idea that PVP is a steric stabilizer while citrate is an 
electrostatic stabilizer (Tejamaya et al. 2012). Although both citrate and PVP can be 
adsorbed on AgNPs as ligands (Sun and Xia 2002, Wagener et al. 2012), PVP can be 
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strongly bound to AgNPs via hydrogen bonds (Malynych et al. 2002). Also, PVP is a 
macromolecule with aromaticity which can yield greater steric effect (Gondikas et al. 
2012) in comparison to the smaller, lower molecular weight citrate. The molecular weight 
of PVP as a AgNP capping agent could be as high as 40,000 g/mol (Song et al. 2014), 
whereas the molecular weight of citrate is 192 g/mol.  
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Figure 4.10: Breakthrough curves of PVP AgNPs with different ionic strength and ion 
type (at pH 7). 
 
4.4. Conclusions 
A low AgNP concentration was successfully applied to study the attachment of 
AgNPs in granular media filtration. The removal of the citrate-capped AgNPs varied 
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significantly depending on the ionic strength and/or ion type, while the removal of PVP-
capped AgNPs showed very little variation. This result means that, during the design of 
new technologies incorporating AgNPs, the capping agent might play a large role in 
determining the environmental fate of AgNPs.  
Ca or Mg ions lowered the energy barrier by complexation with citrate which 
caused charge neutralization, probably allowing more citrate AgNPs to approach the 
primary energy minimum. However, a low but, wide repulsive energy barrier could yield 
a force sufficient to prevent the deposition. In the tests that showed the even distribution 
of the remaining AgNPs throughout the filter depth, AgNP aggregation was unlikely to 
occur and the filter was expected to be fully contacted by AgNPs. This result suggests 
that one of the limiting factors for nanoparticle transport would be the environmental 
conditions that cause the aggregation of nanoparticles. 
Further chemical parameters such as natural organic matter or physical parameters 
such as filtration velocity would be worth studying to elucidate their role in the transport 
of nanoparticles in granular media filtration. 
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Chapter 5: EFFECT OF NATURAL ORGANIC MATTER ON 
ATTACHMENT OF NANOPARTICLES 
Abstract 
Natural organic matter (NOM) is ubiquitous and likely to coat the surface of 
nanoparticles in natural and engineered systems, affecting the fate and transport of 
nanoparticles. The aim of this study was to investigate the effect of NOM coating on the 
attachment of citrate or PVP capped silver nanoparticles (AgNPs) in granular media 
filtration. Attachment of the AgNPs in the presence or absence of NOM was examined 
with I=10 mM of Ca(NO3)2 at pH 7 or 9. Suwannee River Humic and Fulvic acids were 
chosen as representative examples of NOM. When AgNPs were coated by NOM, there 
was no significant aggregation of the AgNPs, as indicated by the lack of change in the 
particle size distribution. The surface charge of the NOM-coated AgNPs showed more 
negativity, indicating the adsorption of NOM and increasing the electrostatic repulsion of 
particle-particle and particle-media interactions. However, the addition of Ca ions (I=10 
mM) neutralized the surface charge at both pH values tested, eliminating the added 
electrostatic repulsion by NOM coating. Consequently, steric effects were considered as 
the sole reason for limited AgNP deposition with NOMs. When the AgNPs were coated 
with NOM, the surface charge of AgNPs was similar regardless of the original capping 
agent, implying the assimilated surface property by NOM coating. Overall, the deposition 
of the NOM-coated AgNPs was limited compared to the AgNPs without NOM. 
Nevertheless, the deposition of citrate AgNP was less with humic acid than fulvic acid, 
probably due to the greater molecular weight of humic acid. Thus, greater molecular 
weight of NOM can lead to a greater steric effect by keeping a greater distance between 
AgNPs and filter media.  
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5.1. Introduction 
Natural organic matter (NOM) is ubiquitous in the environment, with sources that 
are considered to be unlimited. Various sources of NOM have been studied for their 
impact on the fate and transport of pollutants in the environment and on their removal in 
engineered treatment systems. The NOM concentration (measured in terms of organic 
carbon) is generally higher in surface water than in groundwater, but it occurs in both. 
NOM is known to be a precursor of trihalomethanes (THMs), haloacetic acids (HAAs), 
and other disinfection by-products (DBPs) in drinking water treatment when a chlorine-
based disinfectant is used. Many researchers have investigated the fate and role of NOM 
in drinking water treatment processes such as coagulation (Sharp et al. 2006) and 
membrane filtration (Zularisam et al. 2006). Also, NOM is often removed from the water 
sources to prevent the formation of harmful byproducts (Edzwald and Tobiason 1999, 
Roalson et al. 2003, Siddiqui et al. 1997). 
The interaction between NOM and a wide variety of pollutants seems inevitable 
in the environment. When it comes to particulate pollutants, NOM normally coats and 
stabilizes the particles, resulting in less removal efficiency in the water treatment process. 
Once nanoparticles are coated with NOM, they can persist longer in the water 
environment. Although a substantial amount of research has been done to understand the 
transport of nanoparticles in porous media emulating groundwater flow, few have been 
done in the presence of NOM. In addition, little is known about the interaction between 
different NOM types and surface coatings of nanoparticles. Therefore, it is necessary to 
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study the transport of NOM-coated nanoparticles with a combination of different sources 
of NOM and surface coatings of nanoparticles. 
A common process in drinking water treatment is granular media filtration. 
Several studies on transport of nanoparticles in granular media were done at groundwater 
flow velocities. Assuming the granular media filtration would encounter the NOM-coated 
nanoparticles, it is desirable to study the transport of the NOM-coated nanoparticles 
under conditions that are representative of filtration in drinking water treatment. 
In this study, two different types of NOM (humic and fulvic acids) and two 
different silver nanoparticles (citrate and PVP capped AgNPs) were chosen to examine 
the effect of NOM coating on the transport of AgNPs in granular media filtration. The 
surface property of AgNPs in the presence or absence of NOM coating was investigated 
to evaluate the resultant electrostatic effect.  
 
5.2. Materials and Methods 
Citrate and PVP capped AgNPs were purchased from NanoComposix (San Diego, 
CA). Citrate and PVP were chosen because they are among the most commonly used 
capping agents in AgNPs synthesis (Tolaymat et al. 2010). The spherical particle shape 
and monodispersed size distribution were confirmed by transmission electron microscopy 
(TEM, FEI Tencai) and dynamic light scattering (DLS, Malvern) (refer to Section 4.2.1 
for the details of the particle size determination). In addition, the particle size distribution 
was analyzed by nanoparticle tracking analysis (LM 10, Nanosight) in the presence or 
absence of NOM. The surface charge of the particles was analyzed by dynamic light 
scattering (DLS, Malvern). 
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As commonly used reference examples of NOM, Suwannee River Humic and 
Fulvic Standard II (International Humic Substances Society, MN) were purchased. The 
carbon content of the NOM samples was quantified by a TOC Analyzer (Aurora 1030, 
O.I.Analytical). The detailed chemical properties of the NOM sources are available at 
http://www.humicsubstances.org/elements.html.  
Filtration tests were conducted using a cylindrical acrylic column (3.81 cm inner 
diameter) filled with 10 cm depth of 300~350 µm spherical glass beads (MO-SCI, St. 
Louis). Background solution of I=10 mM Ca(NO3)2 was prepared at pH 7 or 9 using 
bicarbonate or borate buffer, respectively. The AgNP suspension was separately prepared 
in DI water without ionic strength to prevent any property changes prior to the test. For 
the filtration tests with NOM, the background solution was prepared with NOM at 3.5 mg 
TOC/L to emulate surface water. The glass beads were preconditioned by soaking in the 
NOM-containing background solution for 24 hrs. AgNPs were also mixed with NOM 
solution (3.5 mg TOC/L in DI water) for 24 hrs. During the 24-hr mixing period, the zeta 
potential of AgNPs was monitored using DLS to ensure that a steady-state value was 
obtained, and it was assumed that steady state conditions meant that the adsorption had 
reached equilibrium. During the filtration test period, the NOM concentration in the 
filtration effluent was monitored by UV-VIS spectrophotomoter (Agilent Technologies) 
to examine additional NOM adsorption onto or desorption from the glass beads. 
As mentioned in Chapter 4, filtration tests started with flushing the filter bed for 
30 pore volumes followed by two steps: 25 pore volumes of filtration with AgNPs and 25 
pore volumes of filtration without AgNPs. The sampling and analytical methods were the 
same as introduced in Chapter 4.  
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Table 5.1: Summary of the filtration tests. 
Experiment #
a
 Capping agent NOM coating pH 
C50-I10-Ca Citrate No 7 
C50-I10-Ca-HA Citrate Humic acid 7 
C50-I10-Ca-FA Citrate Fulvic acid 7 
C50-I10-Ca-pH9 Citrate No 9 
C50-I10-Ca-HA-pH9 Citrate Humic acid 9 
P50-I10-Ca-pH9 PVP No 9 
P50-I10-Ca-HA-pH9 PVP Humic acid 9 
a C or P refers to citrate or PVP, 50 is for 50 nm size, the I value is the ionic strength 
(mM), the chemical name is the source of the ionic strength, HA or FA refers to humic 
acid or fulvic acid coating, and pH9 refers to the cases tested at pH 9. 
 
5.3. Results and Discussion 
The NOM coating on AgNPs caused no measurable change in AgNP size. The 
particle size distribution of AgNPs measured by the Nanosight instrument was almost 
identical regardless of NOM coating (Figure 5.1) for both types of particles. Although 
most NOM is considered to be around 1.5 nm in diameter (Lead et al. 2000), the 
additional layer of NOM coating on the AgNP surface caused no apparent change in the 
particle size. 
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Figure 5.1: Particle size distribution of (a) citrate and (b) PVP AgNPs with and without 
NOM. 
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Compared to the case without NOM coating, the surface charge was decreased 
(i.e., became more negative) with both types of NOM coating (Figure 5.2). Considering 
intrinsic nature of steric effect provided by NOM coating, this result supports so-called 
electrosteric effect which has been introduced by many previous investigators (Joo et al. 
2009, Phenrat et al. 2009, Saleh et al. 2008, Tiraferri and Sethi 2009). However, the 
addition of Ca ions (I=10 mM) reduced the magnitude of surface charge to a constant 
value in the -10~-20 mV range in the entire measured pH range, regardless of the type of 
capping agent and type of NOM. This constancy might be due to charge neutralization by 
Ca ions (called a shielding effect by some investigators) which results from the 
adsorption of Ca ions onto surface carboxylic groups (Yang et al. 2013). The adsorption 
of Ca ions to citrate is anticipated since citrate contains carboxylic groups; however, it is 
questionable whether Ca ions can bind with PVP which has no carboxylic group (Figure 
5.3). Nevertheless, once AgNPs are coated with either humic acid or fulvic acid, there 
would be carboxylic groups on the surface (DePaolis and Kukkonen 1997). 
Consequently, the surface charge control by NOM coating and Ca ions seemed almost 
identical regardless of the original capping agent. Because the different surface properties 
by various capping agents on nanoparticles were equalized in the presence of NOM (also 
found by Stankus et al. 2011), it seems that the NOM coating is potent enough to 
eliminate or override the original surface property of nanoparticles. Note that the surface 
potential of citrate AgNPs with Ca ions (I=10 mM) was almost identical regardless of the 
presence of NOM in neutral pH range. This result indicates that the adsorption of Ca ions 
onto either citrate or NOM could be similar. 
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Figure 5.2: Surface potentials of (a) citrate and (b) PVP AgNPs in the presence or 
absence of NOM. 
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Figure 5.3: Molecular structures of (a) citrate and (b) PVP. 
The AgNPs were simply mixed with NOM in DI water for 24 hrs to complete the 
NOM coating on AgNPs. The surface charge was monitored during the NOM coating 
process, and it became consistent within a few minutes (Figure 5.4) at a value lower 
(more negative) than the original surface charge of AgNPs without NOMs. This result 
implies that the NOM adsorption could be completed quite rapidly. This result supports 
the idea that the interaction between PVP capped AgNPs and humic acid was 
instantaneous (Yang et al. 2014), and a rapid interaction with fulvic acid could also be 
anticipated. 
The glass beads were soaked in the background solution containing NOM of 3.5 
mg TOC/L for 24 hrs. The complete NOM coating on the glass beads was indirectly 
assured by monitoring the NOM concentration in the filter effluents. The relative NOM 
concentration (the ratio of the effluent to influent NOM concentration) was very nearly 
1.0 during the AgNP injection period (not shown), implying a complete NOM coating 
without additional adsorption or desorption of NOM from the glass beads. 
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Figure 5.4: Surface potential monitoring in the process of the NOM coating on AgNPs 
at pH 7.0. 
The effect of different types of NOM coatings on AgNP deposition is shown in 
Figure 5.5. Note that all tests were done at I=10 mM Ca(NO3)2 and pH 7. While the 
AgNPs were almost completely removed in the absence of NOM, the AgNP removal was 
drastically decreased in the presence of NOM. Therefore, it is considered that the 
bridging between the NOM coatings on the AgNPs and the filter media (Wang et al. 
2008b) was unlikely to take place. Since both the AgNPs and filter media were pretreated 
with NOM of 3.5 mg TOC/L and the surface charge was partially neutralized by Ca ions, 
it is conceivable that the primary interaction between the NOM-coated AgNPs and filter 
media was steric stabilization (Lin et al. 2012). Interestingly, the AgNP deposition was 
interrupted more by humic acid than fulvic acid. Humic acid is known to have a greater 
molecular weight than fulvic acid (Beckett et al. 1987, Gueguen and Cuss 2011). 
Therefore, a greater distance imparted by humic acid coating between the AgNP and 
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filter media is likely to occur, leading to more extensive repulsion (Hassett and Anderson 
1979). Furthermore, since the binding affinity to hydrophobic compounds is greater with 
humic acid than fulvic acid (DePaolis and Kukkonen 1997), a denser and thicker coating 
layer on both AgNPs and filter media could be expected by humic acid adsorption. 
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Figure 5.5: Breakthrough curves of citrate AgNPs with different NOM coatings (at pH 
7). 
The effect of a humic acid coating on the AgNP deposition was obvious for 
citrate, but less for PVP at I=10 mM of Ca(NO3)2 and pH 9 (Figure 5.6); it is believed 
that the overall attachment of PVP AgNPs was limited by the strong steric hindrance of 
PVP capping. The relative decrease in attachment efficiency (α) between non-NOM and 
NOM coating at pH 9 was 93.4% and 57.1% for citrate and PVP, respectively. However, 
the level of AgNP deposition in the presence of humic acid was similar regardless of the 
capping agent of AgNPs, probably because the surface charge (Figure 5.2a&b) is similar 
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between the two types of particles. This similarity in surface potential supports the idea 
of displacement of capping agents by NOM (Lau et al. 2013) and/or a complete coverage 
of NOM over the capping agent followed by the adsorption of Ca ions. Also, the filtration 
results of citrate AgNPs in the presence or absence of humic acid was qualitatively the 
same at pH 7 and 9, indicating a prevalent property of humic acid coating on AgNP 
deposition. 
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Figure 5.6: Breakthrough curves of citrate and PVP AgNPs with humic acid coating (at 
pH 9). 
In Figure 5.6, a sharp increase and decrease are evident for both citrate and PVP 
AgNPs. This result directly corresponds to the experimental procedure; however, a tailing 
effect was observed after 30 min for the citrate AgNPs with humic acid and the PVP 
AgNPs. Similar tailing was found for other PVP experiments without NOM (Figure 
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4.10), however, little tailing was evident in the citrate experiments without NOM (Figure 
4.5). This tailing suggests that advective forces might be dragging the AgNPs along with 
the bulk flow. These trends indicate that the attachment between humic acid coated 
citrate AgNPs or PVP AgNPs and the filter media is not as strong as for other cases of 
citrate AgNPs, meaning reversible attachment is more likely in those conditions. Again, 
this could be further evidence of the assimilated surface property by NOM coating. Given 
the similarity in tailing in the NOM experiments (for both citrate and PVP AgNPs) and 
the difference in tailing for the citrate experiments without NOM, it is reasonable to 
conclude that tailing is associated with steric effects on particle deposition. 
The curves for the energy of interaction (Figure 5.7) showed no clear relationship 
between NOM coating and the height of energy barrier. On the contrary, the height of the 
energy barrier was reduced by NOM coating at pH 7. Therefore, the effect of NOM 
coating on the filtration results was likely caused by steric stabilization rather than 
electrostatic repulsion in this study. Since the surface charge was almost constant through 
the entire measured pH range with I=10 mM of Ca(NO3)2, there was little difference in 
the energy of interaction between pH 7 (Figure 5.7a) and pH 9 (Figure 5.7b).  
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Figure 5.7: Energy of interactions with I=10 mM of Ca(NO3)2 at (a) pH 7 and (b) pH 9. 
Aggregation was unlikely to occur with a NOM coating at I=10 mM of Ca(NO3)2 
(Lawler et al. 2013). As shown in the retention profiles (Figure 5.8), the vertical line 
indicates a uniform deposition throughout the filter depth, indicating no significant 
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aggregation of AgNPs. Therefore, this result could be evidence that the retention profile 
tends to be a vertical line (i.e., retention in the filter is constant over the depth) regardless 
of the amount of AgNP deposition as long as there is no or little aggregation of AgNPs 
either in the suspension or by attachment of a particle in suspension to a previously 
collected particle on the filter surface. 
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Figure 5.8: Retention profiles of citrate AgNPs at pH 7. 
 
5.4. Conclusions 
In this study, the steric effect by NOM coating was exclusively featured because 
the addition of Ca ions in the background water reduced the magnitude of surface charge 
dramatically and eliminated the differences between different types of AgNPs. The 
greater steric effect of humic acid than fulvic acid was apparently caused by the greater 
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molecular weight of the humic acid, leading to a greater separation distance between two 
particles. Furthermore, the humic acid-coated AgNPs showed a similar deposition 
regardless of the capping agent, implying the possible displacement of the capping agent 
and/or the complete coverage by humic acid. This result is in direct contrast to the 
experiments without NOM, in which the removal of citrate capped AgNPs was 
drastically affected by solution characteristics (ionic strength and the specific cations) but 
the removal of PVP capped AgNPs were not. 
NOM coating on nanoparticles, which occurs universally in the environment, 
could increase the stability and therefore the transport of nanoparticles, making the 
NOM-coated nanoparticles more likely to be found ubiquitously in the environment. In 
addition, the NOM coating tends to change the surface property of nanoparticles beyond 
the original surface chemistry. Though PVP is known to be a more stable capping agent 
than citrate, the role of the capping agent was minimized by NOM coating. Therefore, the 
role of NOM should be emphasized in the fate and transport of nanoparticles in natural 
and engineered systems. 
Further study on the interaction of NOM and nanoparticle is required to elucidate 
the role of NOM on the surface of nanoparticles in terms of a quantitative evaluation of 
steric hindrance as well as organic surface groups. Recent advances in analytic methods 
such as nuclear magnetic resonance and raman spectroscopy would facilitate exploration 
of the surface chemistry in detail. The behavior of nanoparticles is expected to be 
different according to the type and amount of NOM, further warranting a more complete 
understanding of NOM adsorption. 
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Chapter 6: DETACHMENT OF NANOPARTICLES IN GRANULAR 
MEDIA FILTRATION 
Abstract 
An understanding of particle-particle interactions in filtration requires studying the 
detachment as well as the attachment of nanoparticles. Nanoparticles captured in a 
granular media filter can be released by changing the physicochemical factors. In this 
study, the detachment of captured silver nanoparticles (AgNPs) in granular media 
filtration was examined under different ionic strengths, ion type, and the presence or 
absence of natural organic matter (NOM). Filtration velocity and ionic strength were 
chosen as the physical and chemical factors to cause the detachment. Increasing filtration 
velocity caused a negligible amount of AgNP detachment. On the other hand, lowering 
ionic strength showed different release amounts depending on the background ions, 
implying a population of loosely captured particles inside the filter bed. Overall 
detachment was affected by ionic strength and ion type, and to a lesser degree by NOM 
coating which resulted in slightly more detachment (in otherwise identical conditions) 
than in the absence of that coating, possibly by steric effects. The secondary energy 
minimum with Na ions was deeper and wider than with Ca ions, probably due to the lack 
of complexation with citrate and charge neutralization that would be caused by Ca ions. 
This result implies that the change in chemical force by reducing ionic strength of Na 
ions could significantly enhance the detachment compared to that caused by a change in 
physical force, due to a weak electrostatic deposition between nanoparticles and filter 
media. A modification of the 1-D filtration model to incorporate a detachment term 
showed good agreement with experimental data; estimating the detachment coefficients 
for that model suggested that the detachment rate could be similar regardless of the 
amount of previously captured AgNPs. 
  121 
Keywords 
Detachment, secondary energy minimum, granular media filtration model 
6.1. Introduction 
The use of nanoparticles has increased in various areas such as medical 
(Farokhzad and Langer 2009), material (Zhu et al. 2004), cosmetics (Mu and Sprando 
2010), and energy applications (Serrano et al. 2009) and is expected to grow further in 
the near future (Project on Emerging Nanotechnologies 2014). Consequently, the release 
of nanoparticles to the environment from industrial sources or households can be 
anticipated (Benn et al. 2010, Nowack and Bucheli 2007). Concerns about the potential 
harm from nanoparticles to humans and the environment are growing as the likelihood of 
exposure to nanoparticles becomes evident.  
So far, the primary focus has been on the beneficial uses of nanoparticles, which 
has contributed to the growth of nanotechnology. Though public perception of 
nanotechnology has been positive, it should be noted that the knowledge about 
nanoparticles has been limited (Cobb and Macoubrie 2004). This lack of knowledge 
about nanoparticles has made risk assessment and decision-making difficult. Therefore, a 
balanced evaluation of nanoparticles is required. 
Predicting human and environmental exposure to nanoparticles requires research 
on the transport of nanoparticles. A considerable amount of research has been conducted 
on the transport of nanoparticles in granular media filtration (Petosa et al. 2010). Since 
granular media filtration can mimic the soil or groundwater environment, it has been used 
to understand the migration of nanoparticles in such environments. Less attention has 
been given to the study of nanoparticle removal in granular media filtration at conditions 
reflecting drinking water and wastewater treatment.  
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Nanoparticle-filter media interaction can be divided into two sections; attachment 
and detachment. Most previous studies have focused on attachment. The effects of 
various particle characteristics (Lecoanet et al. 2004), solution chemistries (Solovitch et 
al. 2010), and operational conditions (Lecoanet and Wiesner 2004) on attachment have 
been investigated. Despite their tiny size, nanoparticles can be captured in granular media 
filter by controlling environmental conditions. However, the release of captured 
nanoparticles was reported when operational conditions changed chemically (e.g., ionic 
strength reduction (Franchi and O'Melia 2003), pH rise (Ryan and Elimelech 1996), and 
cation exchange (Shen et al. 2012)). For particles larger than 2 µm, detachment also 
occurred by an increase in filtration velocity (Bergendahl and Grasso 2000).  
Generally, attachment and detachment are highly affected by electrostatic forces 
produced by the surface charges of particles. Detachment was believed to occur when 
attractive forces are weak in terms of electrostatic interaction, that is, when particles stay 
in the secondary energy minimum (Hahn and O'Melia 2004). However, this belief was 
challenged by a recent study (Shen et al. 2012) which suggested a possible detachment 
from the primary energy minimum. All things considered, the exact mechanism is still 
unclear as to how nanoparticles are captured reversibly in granular media filters. Since 
detachment of nanoparticles in granular media filtration has not received much attention, 
detachment of nanoparticles under varying environmental conditions needs to be 
investigated. 
This study selected silver nanoparticles (AgNPs) as the target compound because 
they are the most widely used nanoparticles in consumer products. The objective of this 
study was to investigate the effect of physical and chemical forces on the detachment of 
AgNPs in granular media filtration. A series of laboratory scale granular media filtration 
tests was conducted under varying filtration velocities, ionic strengths, ion types, and the 
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presence or absence of NOM to quantify the amounts of AgNPs captured and 
subsequently released when a physical or chemical condition was changed. Further, by 
assuming a homogeneous particle size and a spherical shape for the nanoparticles, the 
1-D filtration model was explored to elucidate the detachment of AgNPs under various 
experimental conditions.  
 
6.2. Theoretical calculations 
Energy of interaction. As introduced in Chapter 4, the sum of the repulsive 
energy (VR), attractive energy (VA) and Born repulsion (VB) was used to calculate the 
energy of interaction (all variables in the following equations are defined in Appendix B).   
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Filtration model. Filtration models typically start from a one dimensional 
advection-diffusion equation, as described in Equation 6-4, by assuming first order 
attachment kinetics (Li et al. 2008). 
2
02 att
N N N
D v k N
t x x
  
  
  
                                      (6-4) 
N is the effluent number concentration at steady-state condition (#/L
3
), t is the time 
period after filtration starts (T), x is the distance from the surface of filter bed parallel to 
flow (L), D is the diffusion (plus dispersion) coefficient (L
2
/T), and v0 is the filtration 
velocity (L/T).  
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The attachment coefficient (katt) is calculated by Equation 6-5 (Wang et al. 
2008a): 
0 0lnatt
v N
k
L N
 
  
 
                                                (6-5) 
L is filter depth (L), and N0 is the initial AgNP number concentration (#/L
3
). To describe 
the detachment profile, the model was modified as shown in Equation 6-6 by adding a 
term to include detachment from the solid-phase, dependent on the amount captured on 
the filter media (Wang et al. 2008b). 
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                              (6-6) 
kdet is the detachment coefficient (1/T), S is the specific deposit attached to the 
filter media (#/M), ρb is the bulk density of the filter media (M/L
3
), and ε is the 
volumetric water content, i.e., the porosity (-). S can be expressed in a whole filter as 
shown in Equation 6-7: 
0 0
0
( ) expatt att
b
t k N k
S x x
v


 
  
 
                                     (6-7) 
where t0 is the AgNP injection period. 
To solve Equation 6-6, a numerical scheme that employs a finite difference 
method in space and the Crank-Nicolson method in time was used. In this study, the 
boundary and initial conditions were set as follows: 
  00,  30 minN x t N    
 0,  30 min 0N x t    
 ,  0 0N x t    
Using the first order finite difference scheme of backward facing steps, this 
equation can be solved numerically using MATLAB (The MathWorks, Natick, MA) 
(details are in Appendix C). 
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6.3. Materials and Methods 
Citrate-capped AgNPs were purchased from Nanocomposix (San Diego, CA). 
Citrate was chosen because it is one of most commonly used capping agents in AgNP 
synthesis (Tolaymat et al. 2010). The laboratory analysis confirmed the spherical shape 
and the monodispersed size distribution of approximately 50 nm of AgNPs (refer to 
Section 4.2.1 for the details of the particle size determination). To prevent any changes in 
AgNPs characteristics, the solution was kept at 4˚C and away from light.  
Spherical glass beads purchased from MO-SCI (St.Louis, MO) were used for 
filter media. The glass beads were mainly composed of SiO2 (as shown in Table 3.2 in 
section 3.3 and more information is in Appendix D) and were sieved to a narrow size 
range between 300~350 µm. To remove impurities from the surface before use, the glass 
beads were subjected to an intensive washing procedure (Tobiason 1987). 
Filtration experiments were conducted in a laboratory-scale acrylic cylindrical 
column. The inner diameter of the column was 3.81 cm and the depth of the filter bed 
was 10 cm. The porosity of the packed bed was determined gravimetrically to be 0.42. 
The two influent streams, AgNP suspension and background water, were separately 
prepared and pumped via a gear pump (Micropump, Cole Parmer) and a peristaltic pump 
(Easy-load II, Masterflex), respectively, and mixed immediately before entering into the 
column. The flow ratio of AgNP suspension to the background water was kept at 1:20 to 
maintain constant influent AgNP concentration. 
The ionic strength was controlled by NaNO3 or Ca(NO3)2 added to the 
background water. Since a sufficient amount of attachment is needed to achieve 
detachment, ionic strength of 100 mM with NaNO3 and 10 mM with Ca(NO3)2 were 
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chosen. In the experiments with NOM, Suwannee River Fulvic Acid (International 
Humic Substances Society, MN) was used to have 3.5 mg TOC/L background water to 
coat AgNPs and filter media. pH was controlled with 0.025 mM bicarbonate buffer at pH 
7 to prevent significant changes in surface charge by pH. The filtration velocity was 
controlled at 2 m/hr, which is in the range used in conventional drinking water treatment 
plants, but far faster than groundwater flow.  
Six filtration tests were conducted with varying ion types, ionic strengths, and/or 
filtration velocities. Prior to the filtration test, the filter bed was flushed for 30 pore 
volumes by the background water. Each test consisted of three steps: 1) 25 pore volumes 
of filtration with AgNPs, 2) 25 pore volumes of flow at the same velocity and the same 
chemical conditions without AgNPs, and 3) 25 pore volumes of flow with either near 
zero ionic strength (deionized water) or with increased velocity. To achieve detachment 
of the captured AgNPs after 50 pore volumes, ionic strength was reduced to close to 
0.025 mM or the filtration velocity was doubled from 2 to 4 m/hr. Samples were 
collected every 1 or 2 minutes during both filtration period and the detachment periods. 
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Table 6.1: Summary of the filtration tests. 
Experiment #
a
 NOM coating Ionic strength Detachment 
C50-I10-Ca-I No 10 mM Ca(NO3)2 Decreasing ionic strength 
C50-I10-Ca-FA-I Yes 10 mM Ca(NO3)2 Decreasing ionic strength 
C50-I100-Na-I No 100 mM NaNO3 Decreasing ionic strength 
C50-I10-Ca-V No 10 mM Ca(NO3)2 Increasing velocity 
C50-I10-Ca-FA-V Yes 10 mM Ca(NO3)2 Increasing velocity 
C50-I100-Na-V No 100 mM NaNO3 Increasing velocity 
a C refers to citrate, 50 is for 50 nm size, the I value is the ionic strength (mM), the 
chemical name is the source of the ionic strength, FA refers to fulvic acid coating, I refers 
to ionic strength reduction, and V refers to filtration velocity increase. 
 
AgNP samples were immediately acidified with trace metal grade HNO3 to 
dissolve AgNPs (sample pH < 0.5). The acidified samples were stored at 4˚C overnight. 
The dissolved Ag concentration was analyzed using an inductively coupled plasma-
optical emission spectroscopy (ICP-OES, Varian). The surface charge of AgNPs and 
filter media was measured by dynamic light scattering (DLS, Malvern Zetasizer). Direct 
observations of AgNPs and filter media were conducted by transmission electron 
microscopy (TEM, FEI Tencai) and scanning electron microscopy (SEM, Zeiss). 
 
6.4. Results and Discussion 
The experimental breakthrough curves are presented in terms of the relative 
concentration by pore volume (Figure 6.1). Relative concentration is the normalized 
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effluent concentration, or the fraction of the influent concentration remaining in the 
effluent. The detachment was relatively insignificant in all but one of the filtration tests. 
The most significant detachment occurred when the ionic strength was reduced from 100 
mM NaNO3.  
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Figure 6.1: Breakthrough curves of citrate AgNPs with detachment. 
As shown in Figure 6.2 (the dashed area indicated in Figure 6.1), the insignificant 
detachment with Ca(NO3)2 is similar to the previous findings (Hahn and O'Melia 2004, 
Jaisi et al. 2008) in that the detachment was significantly reduced with Ca ions. It is likely 
that Ca ions lead AgNPs to the primary energy minimum where (essentially) irreversible 
attachment occurs. Since the surface charge of the citrate-capped nanoparticles can be 
neutralized by Ca ions (Saleh et al. 2008), the repulsive force between AgNPs and filter 
media can be quite low. 
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Figure 6.2: Detachment curves of citrate AgNPs. 
When the filtration velocity was doubled to allow a greater hydrodynamic drag 
force on the AgNPs already captured in the filter, there was only a negligible amount of 
AgNP detachment regardless of ionic strength, ion type, or NOM presence. Note that the 
required velocity to detach nanoparticles is theoretically considered to be more than 100 
m/hr (Zhang 2012) which is far greater than any of those used in this study. Even with a 
wide and deep secondary energy minimum at I=100 mM of NaNO3, the deposition is 
expected to be strong enough to withstand the hydrodynamic force applied in this study 
(though there was a tiny amount of detached AgNPs by the velocity change). This result 
does not refute the fact that hydrodynamic shear can affect the AgNPs deposited probably 
in the secondary energy minimum. However, it provides an insight that detachment can 
occur more easily with a chemical change rather than a physical one.  
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It should be noted that these filtration experiments were relatively short and 
designed primarily to test whether some of the capture of particles was in the range of the 
secondary minimum of the energy curve. The small amount of detachment with the 
velocity change in these experiments does not mean that detachment would not occur to a 
significant degree with the same velocity change after filtration of thousands of pore 
volumes (as occurs in water treatment practice). In that case, deposits might have 
significant thickness, and a change in the velocity could induce more detachment than 
seen in these experiments. 
Even after the detachment period, AgNPs remained in the filter, yielding the 
amount of AgNPs that withstood the detachment condition. When the ionic strength was 
reduced, the remaining AgNPs in the filter were considered to be irreversibly attached in 
the primary energy minimum. In all tests, the amount of AgNPs remaining in the filter 
(irreversibly attached) was quantified for the AgNP mass-balance. The ratio of the 
detached AgNPs to the originally attached AgNPs was calculated from the experimental 
data (and converted to a percent) and is shown in Table 6.2 for all of the experiments. 
The overall mass balance for each experiment is shown in Figure 6.3  
 
Table 6.2: Percent of the originally attached AgNPs that became detached. 
Experiment # 
C50-I10-
Ca-I 
C50-I10-
Ca-V 
C50-I10-
Ca-FA-I 
C50-I10-
Ca-FA-V 
C50-I100-
Na-I 
C50-I100-
Na-V 
Detached AgNPs/ 
Attached AgNPs 
(%) 
1.23 0.40 7.33 0.61 25.50 0.68 
 
  131 
0
20
40
60
80
100
120
140
C
5
0
-I
1
0
-C
a
-I
C
5
0
-I
1
0
-C
a
-V
C
5
0
-I
1
0
-C
a
-F
A
-I
C
5
0
-I
1
0
-C
a
-F
A
-V
C
5
0
-I
1
0
0
-N
a
-I
C
5
0
-I
1
0
0
-N
a
-V
Lost
Not attached
Attached (and detached)
Attached (and not detached)
A
g
 M
a
s
s
 (
%
)
 
Figure 6.3: Mass balance of Ag by mass in this study. 
 
In the case of the I=100 mM NaNO3 test, the ratio of the detached to the 
originally attached AgNP mass was approximately 1:4. Assuming the detachment 
occurred for all particles attached in the secondary energy minimum, it suggests that one-
fourth of AgNPs which could approach the primary energy minimum were stopped in the 
secondary energy minimum. Though the distance to the secondary energy minimum from 
the filter media surface was calculated to be only 4.19 nm (Table 6.3), the release of 
AgNPs seemed affected by the degree of the change from attraction to repulsion energy 
despite the small physical distance from the filter media. Also, since the influent AgNP 
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concentration was in the low range (less than 100 µg/L), the number of the AgNPs 
injected to the filter was insufficient to fully cover every filter media surface. Therefore, 
multilayer AgNP deposition was unlikely to take place in this study. One might argue 
that I=100 mM of NaNO3 could promote the aggregation of AgNPs in the suspension, 
leading to the deposition of AgNP aggregates on the filter media. However, the empty 
bed contact time was only approximately 1.18 min which is thought to be an insufficient 
time for AgNPs to be aggregated. Therefore, the significant amount of detachment is 
attributed to the detachment of the AgNPs that had been deposited in the secondary 
energy minimum.  
With regard to the classical DLVO theory, the energy of the interaction between 
AgNPs and filter media was calculated (Figure 6.4a). This calculation was conducted 
assuming a spherical particle and a flat plane since the size ratio of AgNP to filter media 
was close to 0.00015. A relatively deep and wide secondary energy minimum was 
calculated for the 100 mM NaNO3 case while the other conditions showed no such 
significant secondary energy minimum. The surface potentials of AgNPs and glass beads 
were more negative at I=100 mM of NaNO3 in comparison to the other two conditions, 
and that caused the greater repulsive energy reflected in the figure 6.4a. The surface 
potentials for the three conditions were calculated from zeta-potential measurements and 
are shown in Table 6.3. It seems that the electric double layer suppression by the 100 mM 
ionic strength also led to the suppression of energy of interaction curves toward the filter 
media surface, resulting in a higher energy barrier and a deeper secondary energy 
minimum. Note that the secondary energy minimum disappeared when the ionic strength 
was greatly reduced, assuming the surface potentials of AgNPs and filter media were 
unaffected (Figure 6.4b). Considering the experimental results for detachment in light of 
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the energy interaction calculations, it is believed that the primary reason for AgNP 
detachment was their release from the secondary energy minimum. 
A comparison of the detached AgNP amounts from C50-I10-Ca-FA-I and C50-
I10-Ca-I (Figure 6.3) shows that the NOM coating on the AgNP caused measurable 
detachment when the ionic strength was reduced. Since the location and the depth of the 
secondary energy minimum were almost identical regardless of NOM presence (Table 
6.3), it is assumed that the steric effect rather than electrostatic effect by NOM coating 
might cause a weak AgNP deposition which is vulnerable to the ionic strength decrease. 
At I=10 mM of Ca(NO3)2, the steric effect by NOM coating appears to be the main factor 
because the surface charge becomes equalized regardless of the NOM coating due to Ca-
citrate complexation, considering the higher affinity of citrate to Ca than Na (Walser 
1961). Nevertheless, the overall results highlighted that the change of ionic strength 
(which affects electrostatic repulsion) of Na ions had the most direct effect on the 
magnitude of detachment of AgNPs.  
 
Table 6.3: Results of the energy of interaction calculations. 
Experiment # 
Surface potential 
at pH7 
(mV) 
Energy 
barrier 
height (J) 
Energy barrier 
distance from 
surface (nm) 
Secondary 
energy minimum 
depth (J) 
Distance from the 
surface at the 
secondary energy 
minimum (nm) 
C50-I10-Ca -20.26 1.08×10
-20
 3.22 -1.62×10
-21
 15.08 
C50-I10-Ca-FA -16.20 7.01×10
-21
 3.60 -1.70×10
-21
 14.46 
C50-I100-Na -50.75 2.81×10
-20
 0.99 -1.18×10
-20
 4.19 
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Figure 6.4: Energy of interaction between citrate AgNPs and filter media (a) at the ionic 
strength during filtration and (b) at the low (near zero) ionic strength during 
the detachment phase of the experiments (at pH 7). 
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The filtration model derived from 1-D advection-diffusion equation was used as a 
tool to model the effluent profile of AgNPs, and all model outputs in this study were the 
concentrations at the outlet of the filter. This model was run by using the known value of 
v0 and calculating katt, and S directly from the experimental results from the attachment 
period. The diffusion plus dispersion coefficient was taken to be the particle diffusion 
coefficient, even though dispersion was probably greater than this value; the primary 
reason for using the model was to estimate the detachment coefficient, so this choice for 
the diffusion coefficient was deemed unimportant. The remaining parameter, kdet was 
estimated to fit the model to the experimental result during the detachment period 
between 50 and 60 pore volumes. Overall, this model effectively simulated the sharp 
increase and decrease of citrate AgNPs in the experiments (Figure 6.5). The assumption 
of first order attachment kinetics was reasonable because the surface area of filter media 
is substantially greater than the surface area of injected AgNPs. Also, the kdet derived in 
each test condition allowed good agreement with experimental results. This result 
demonstrates that the transport of 50 nm AgNPs in granular media filtration was 
primarily affected by diffusion and advection and that I-D advection-diffusion equation 
was applicable to the conditions of the experiments.    
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Figure 6.5: Comparison of experimental results and model predictions for all filtration 
tests. (Each column shows the cases of the detachment caused by ionic 
strength reduction (left) or by filtration velocity increase (right). 
Experimental condition varies from top to bottom (top: I=10 mM Ca(NO3)2, 
middle: I=10 mM Ca(NO3)2 with fulvic acid, bottom: I=100 mM NaNO3)). 
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This model was fitted to the detachment profile for each experimental condition. 
Values of kdet were estimated using the root-mean-square error in the short detachment 
period (50~60 pore volumes), and they are shown in Table 6.4. 
Table 6.4: Estimated detachment coefficients from six filtration tests.  
Experiment # 
C50-I10 
-Ca-I 
C50-I10 
-Ca-FA-I 
C50-I100 
-Na-I 
C50-I10 
-Ca-V 
C50-I10 
-Ca-FA-V 
C50-I100 
-Na-V 
kdet (10
-4
 s
-1
) 0.018 0.69 0.82 0.016 0.17 0.0032 
At higher pore volume values, the detachment coefficient was estimated to be as 
low as 10
-7
 s
-1
 which indicates almost no detachment. The likelihood of further 
detachment after the detachment period was insubstantial because the detachment might 
be caused solely by eliminating the secondary energy minimum whose effect appeared 
immediately, just as turning off a switch.  
Interestingly, the detachment coefficients from the two tests with the most 
detachment (I=10 mM of Ca(NO3)2 with fulvic acid and I=100 mM of NaNO3 without 
NOM) were estimated to be similar, even though the amount of detached AgNPs was 
significantly different between those tests. The seemingly identical detachment 
coefficient with different amount of detachment was attributed to the different amounts of 
attachment. In other words, the detachment coefficient is the parameter which determines 
the detachment rate of a system independent of the amount of attachment. The similarity 
of results in these two experiments suggests that the steric effect by NOM coating causes 
as much detachment potential as the elimination of secondary energy minimum. Thus, the 
detachment coefficient is a preferred parameter to interpret the detachment potential from 
different experimental conditions.  
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6.5. Conclusions 
In this study, the detachment of AgNPs could be attributed mainly to the 
secondary energy minimum in terms of the amount of the detached AgNPs. The 
significant reduction in ionic strength resulted in effective detachment by eliminating the 
secondary energy minimum. Less detachment was observed with I=10 mM of Ca(NO3)2 
than I=100 mM of NaNO3 because Ca ions were able to effectively neutralize the surface 
charges, presumably by Ca-citrate complexation. The steric effect by NOM coating could 
lead to a weak AgNP deposition resulting in more detachment than in the absence of 
NOM. The velocity increase showed a negligible effect on the detachment because the 
velocity range applied here was much lower than the velocity level required to enable 
nanoparticle detachment. The remaining AgNPs after filtration and after a sudden 
decrease of the ionic strength was applied were considered to be irreversibly deposited in 
the primary energy minimum. The model derived from 1-D advection-diffusion equation 
with attachment and detachment terms was successfully used to fit to the experimental 
results and estimate the detachment coefficients. The detachment occurred rapidly in a 
brief period immediately after the ionic strength decreased or filtration velocity increased, 
and the detachment coefficients were estimated using data from that period. The 
comparison of the detachment coefficients demonstrated the contribution of the steric 
effect to detachment. 
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Chapter 7: CONCLUSIONS 
Since it can be expected that an increasing number of engineered nanoparticles 
will be discharged into natural waters, the fate and transport of nanoparticles in waters 
has become an important research topic. This study focused on the transport and 
attachment of AgNPs in granular media filtration. Most of the previous work in this area 
was conducted to simulate groundwater flow conditions and used high nanoparticle 
concentration (in the mg/L range). In this research, high filtration velocity (~2 m/hr) and 
low influent AgNP concentration (~100 µg/L) were employed to emulate the presumed 
conditions that would be encountered in a drinking water treatment plant. The recovered 
Ag mass of all tests was above 90% of the injected AgNPs, verifying that the AgNP 
analytical method was appropriate. The significance of this study was to broaden the 
scientific understanding of attachment and transport of nanoparticles in granular media 
filtration. Further, the implicit aim of this study was to revisit the existing treatment 
technology as an option to treat emerging pollutants such as engineered nanoparticles 
instead of developing a novel technology. The main findings of the research are presented 
below.  
 
In Chapter 3, the theoretical prediction of nanoparticle transport was evaluated 
using the experimental data obtained under favorable attachment conditions. The main 
findings from that work include the following: 
 The interaction of positively charged BPEI AgNPs and negatively charged 
glass beads showed no energy barrier in terms of electrostatic interaction, and, 
therefore, the attachment efficiency (α) was assumed to be 1. 
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 Aggregation of the BPEI AgNPs was prevented at the chemical condition of 
I=1 mM of NaNO3 and pH 7. 
 The favorable attachment conditions between the positive BPEI AgNPs and 
the negative glass beads was true at all of the chemical conditions utilized, so 
that almost identical breakthrough curves were obtained at different ionic 
strengths (I=1~20 mM of NaNO3) and pH values (7 and 9). 
 The filtration efficiency decreased as the filter depth decreased (from 8 to 2 
cm), the velocity increased (from 2 to 8 m/hr), and filter media size increased 
(from 325 to 776 µm). 
 When using the mean (TEM) diameter for the model predictions, the transport 
of 100 nm BPEI AgNPs in granular media filtration showed good agreement 
with the expectations from the colloidal filtration model of Tufenkji and 
Elimelech (2004), proving the validity of the model. However, as the particles 
decreased to 50 and 10 nm, the experimental results tended to move toward 
the predictions using the (larger) hydrodynamic diameter. 
 
To study the chemical effect on attachment or detachment of AgNPs onto glass 
beads in granular media filtration, a series of filtration tests was conducted at 10 cm filter 
depth, 2 m/hr filtration velocity, 325 µm filter media, and 50 nm citrate- or PVP-capped 
AgNPs in the remaining part of the research. In all cases, both the particles and the media 
were negatively charged (unless the chemical conditions caused charge neutralization).  
In Chapter 4, the attachment of AgNPs onto glass beads was investigated under 
different ionic strengths and ion types in the background solution. The experimental 
results were described using the DLVO theory, and the major findings are as follows:  
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 The attachment of citrate AgNPs was enhanced as the ionic strength increased 
from 1 to 10 mM of Ca(NO3)2 or 10 mM to 100 mM of NaNO3. 
 At the same ionic strength, the attachment of citrate AgNPs was greater with 
Ca or Mg ions rather than Na ions, and this result suggests that charge 
neutralization occurred by Ca- or Mg-citrate complexation on the AgNP 
surface. 
 Ripening was favored at the top of the filter bed when the ionic strength was 
high enough to cause AgNP aggregation. On the other hand, chemical 
conditions that led to stable AgNPs resulted in uniform AgNP capture 
throughout the filter bed. 
 The attachment of PVP AgNPs was insignificantly affected by the 
electrostatic effect resulting from different ionic strengths and ion types, 
indicating the strong ability of PVP to stabilize particles.    
 
In Chapter 5, the effect of NOM on the attachment of AgNPs was investigated. 
Suwannee River humic and fulvic acids were chosen as the representative types of NOM 
and were applied to yield 3.5 mg TOC/L background water. Both AgNPs and filter media 
were pre-coated with NOM for 24 hours prior to each test. The filtration tests were 
conducted under varying NOM type, capping agent type, and pH. The following 
conclusions were reached: 
 The mixing of AgNPs with NOM for 24 hours resulted in a negligible size 
change. Monitoring the AgNP surface potential over 24 hours suggested that 
the NOM adsorption happened very rapidly. 
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 NOM coating led to more negative surface charge of AgNPs, but, surface 
charge neutralization occurred with I=10 mM of Ca(NO3)2 regardless of the 
capping agent and NOM type.  
 Though the electrostatic effect was not enhanced by NOM coating, the overall 
removal efficiency was lowered by NOM coating, indicating a dominant steric 
effect. 
 The humic acid coating resulted in lower removal efficiency than the fulvic 
acid coating, probably due to the greater steric hindrance caused by the greater 
molecular weight of humic acid. 
 The removal efficiency of humic acid coated-AgNPs was similar regardless of 
capping agent type, implying a possible displacement of capping agent and/or 
a complete coverage by NOM coating. 
 The effect of pH (between 7 and 9) was insignificant on the removal of NOM-
coated AgNPs at I=10 mM of Ca(NO3)2, which demonstrates the decreased 
electrostatic repulsion by the Ca ion bindings with carboxylic groups. 
 
In Chapter 6, the detachment of captured AgNPs (after a substantial period of 
attachment) was tested either by lowering ionic strength or by increasing filtration 
velocity. The one dimensional filtration model was incorporated with the experimental 
results to estimate the detachment coefficient (kdet). The conclusive statements are as 
follows: 
 The most significant detachment occurred by lowering ionic strength from 
100 mM to 0.025 mM of NaNO3. Detachment was insignificant by lowing 
ionic strength from 10 mM to 0.025 mM of Ca(NO3)2. Both of these results 
were consistent with the concept that particles captured in the region of the 
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secondary energy minimum would become detached, but that those captured 
in the primary energy minimum would not detach.  
 Detachment was enhanced in the presence of NOM, presumably due to a 
weak deposition caused by steric hindrance. 
 The filtration velocity increase resulted in a negligible amount of detachment, 
indicating that the filtration velocity range adopted in this study was 
insufficient to cause a noticeable AgNP detachment. 
 The experimental results were well-fitted by the 1-D model, and the estimated 
detachment coefficients from the model provided information that the 
detachment capacity was comparable regardless of the amount of captured 
AgNPs. 
 
Significance 
This study contributed to expanding the knowledge on the attachment and 
transport of nanoparticles in granular media filtration. The experimental evidence of the 
capture of AgNPs in granular media filtration indicated that the existing colloidal 
filtration theory is appropriate for nanoparticles greater than 50 nm, but it also pointed 
out the conceivable size dependent properties of nanoparticles, which change at smaller 
size such as 10 nm.  
The findings in this study are relevant to the design and operation of a granular 
media filter that would encounter nanoparticles. Near-complete nanoparticle removal 
would be achievable by controlling the physical and/or chemical conditions. However, 
when the removal is high, most deposition could happen at the top of the filter bed due to 
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the aggregation-prone condition. As long as a long-term operation is concerned, the 
ripening aspect needs to be considered along with the sufficient removal efficiency. 
This study employed a simplified analytical method compared to the well-known 
Standard Method, and the experimental results successfully demonstrated at least 90% 
Ag recovery. Since the sample dissolution in acid followed by ICP-OES could save time 
and reduce the possible experimental errors, this method can be adopted in studies of 
other types of metal-based nanoparticles. 
 
Recommendations for future work 
This study was originated on the prediction that increasing numbers of 
nanoparticles in surface waters would eventually reach the granular media filter in water 
treatment plants. As more research outcomes were released focusing on the fate of 
AgNPs in the environment, sulfidized AgNPs were proposed as a major form that would 
exist in the environment. Also, the presence of Cl ions in water could stimulate the 
dissolution and speciation of AgNPs. Therefore, more research efforts are needed to 
elucidate the fate of nanoparticles in both natural and engineered systems. It is also 
desirable to study the possible removal mechanisms of nanoparticles throughout their 
pathway in the environment. 
Regarding experimental materials, ensuring a consistent surface property of 
nanoparticles and filter media is critical to obtaining reproducible results. Normally, filter 
media are washed and reused for a subsequent test. However, depending on the filter 
media rinsing process, the surface property of filter media could be changed and 
eventually affect the attachment efficiency (α). In addition, it is difficult to have an 
identical surface property from nanoparticles synthesized in different batches. If the 
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attachment efficiency (α) is affected only by the experimental variables being tested but 
also by the particle surface property resulting from the preparation, it would be difficult 
to estimate the accurate attachment efficiency (α) under unfavorable attachment 
conditions. Therefore, it is highly recommended to prepare sufficient amount of 
nanoparticles and filter media at once and use them for a series of tests without re-
synthesizing or reusing. 
As discussed in Chapter 3, the size dependent nanoparticle property was 
suggested and it would be critical for the further applications of nanoparticles. In terms of 
granular media filtration of nanoparticles, more experimental results of nanoparticles in 
the range of 10 to 30 nm are required to update the colloidal filtration model in such a 
small size. A successful update would extend the applicability of the colloidal filtration 
model toward nanoparticles, providing more accurate prediction on the transport of 
nanoparticles. 
In terms of nanoparticle characterization, multiple instruments have been adopted 
to measure nanoparticle size and surface properties. However, the surface property of 
particles such as adsorbed macromolecule thickness has relied on theoretical estimation 
rather than experimental measurement. Therefore, more advances in analytical 
technology, especially in direct observation using microscopy are required to precisely 
analyze the surface of nanoparticles. 
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Appendix A: Research of nanoparticle transport in porous media 
Table A1: List of articles on nanoparticle transport in porous media. 
Reference 
Nanoparticle Media Filter Filtration 
velocity
a
 
(m/hr) 
pH 
Ionic 
strength 
(M) 
Influent 
concentration 
(mg/L) 
NOM 
Kind 
Size 
(nm) 
Kind 
Size 
(μm) 
Diameter 
(mm) 
Depth 
(cm) 
(Cornelis et al. 
2013) 
AgNPs 10 Soil ~2000 15 12 0.3384 7, 9 10
-3
 1.7 No 
(El Badawy et 
al. 2013) 
AgNPs 
10 ~ 
12 
Quartz 
sand 
360 11 10 0.63 7.0 5×10
-3
 10 No 
(Flory et al. 
2013) 
AgNPs 15.6 
Glass 
bead 
425~60
0 
25 5 0.1224 
4, 
6.5, 
9, 
11 
10
-5
 15 No 
(Li et al. 2013) AgNPs 
10, 
12 
Sand 
500, 
700 
25 15 2.322 7.2 5.5×10
-3
 45,55 No 
(Liang et al. 
2013a) 
AgNPs 
45 ~ 
78 
Soil N.A. 80 10 
0.0036 , 
0.0119 
6 ~ 
7 
10
-3
, 
5×10
-
3
,10
-2
 
1, 10 No 
(Liang et al. 
2013b) 
AgNPs 
15 ~ 
20 
Quartz 
sand 
240, 
350, 
607 
30 12 
0.018 ~ 
0.421 
6 ~ 
7 
10
-3
, 
2.5×10
-3
, 
5×10
-3
 
10, 30 No 
(Lin et al. 2011) AgNPs 12 
Glass 
bead 
409 10 6 0.72 
5.0, 
8.3 
10
-3
 ~ 
5×10
-2
 
N.A. No 
(Lin et al. 2012) AgNPs 
5.4 ~ 
27.7 
Glass 
bead 
360 10 4 0.72 
6.9
~7.
2 
10
-3
 ~ 10
-
1
 
N.A. No 
(Neukum et al. 
2014) 
AgNPs 25 Sandstone 
100~20
0 
50 3 
3.03*10
-5
 ~ 
0.0896 
6~7
,6 
10
-5
, 10
-
4
, 10
-3 
10
-2
 
441~800 No 
(Ren and Smith 
2013) 
AgNPs 49.8 
Ottawa 
sand 
180, 
340, 
550 
10 15 0.4572 6.7 ~ 5×10
-2
 50 No 
(Sagee et al. 
2012) 
AgNPs 30 
Quartz 
sand 
210-
300 
31 10 
0.396 ~ 
0.102 
7.5 N.A. N.A. No 
(Song et al. 
2011) 
AgNPs 10 
Glass 
bead 
350 10 10 0.72 8.1 2×10
-2
 50 No 
(Taghavy et al. 
2013) 
AgNPs 12 
Ottawa 
sand 
360 25 16 0.1224 4, 7 10
-2
 2.51 ~ 3.17 No 
(Tian et al. 
2010) 
AgNPs 52.4 
Quartz 
sand 
500 25 15 0.1188 N.A. N.A. 100 No 
(Xiao and 
Wiesner 2013) 
AgNPs 
19, 
36 
Glass 
bead 
N.A. 10 10 0.3816 N.A. 10
-3
 N.A. No 
(Yang et al. 
2014) 
AgNPs 40 
Glass 
bead 
360 10 N.A. N.A. 7.0 
10
-3
, 10
-
2
,3×10
-1
 
1.5 Yes 
(Rahman et al. 
2013) 
AlO 18.4 
Quartz 
sand 
250 15 7 
0.072 ~ 
0.864 
4.8 
10-3, 10-
2,10-1 
50, 150, 400 No 
(Liu et al. 
2009b) 
Boron 
10 ~ 
20 
Quartz 
sand 
212-
270 
15 15 1.368 5.6 
10
-2
 ~ 
4×10
-1
 
50 No 
(Brant et al. 
2005) 
C60 168 
Glass 
bead 
355 N.A. 9.25 1.44 7 
10
-3
 ~ 10
-
1
 
10 No 
(Cai et al. 2013) C60 
135 ~ 
505 
Quartz 
sand 
417~60
0 
20 10 0.0576 5, 7 
10
-4
 ~ 10
-
2
 
10 No 
(Cheng et al. 
2005) 
C60 ~ 100 
Surface 
soil 
250 9 5 
0.0158 ~ 
0.475 
6.7 
~ 
7.2 
2×10
-2
 48 No 
(Espinasse et 
al. 2007) 
C60 92 
Glass 
bead 
360 26.5 10 
1.44 ~ 
4.32 
6.5 
~ 
7.5 
0.01 ~ 
0.6 
7 ~ 25 No 
(Jaisi and 
Elimelech 2009) 
C60 
122, 
50.5 
Surface 
soil 
420~10
00 
16 4.3 0.792 
5.6 
~ 
5.8 
10
-3
 N.A. No 
(Lecoanet and 
Wiesner 2004) 
C60 168 
Glass 
bead 
355 25 9.25 
1.44 ~ 
5.04 
7 10
-2
 10 No 
(Li et al. 2008) C60 120 
Ottawa 
sand 
125, 
165, 
355, 
710 
25 15 
0.0183 ~ 
0.139 
7 0.003065 3 No 
(Qu et al. 2012) C60 162 
Quartz 
sand 
250 ~ 
300 
15 5 0.03397 6 
10
-3
 ~ 
2×10
-2
 
5 Yes 
(Wang et al. 
2008b) 
C60 95 
Ottawa 
sand, 
glass bead 
360 25 15 0.307 7 10
-3
 1.3 ~ 3.1 No 
(Wang et al. 
2008c) 
C60 92 
Quartz 
sand 
125, 
335 
25 15 
0.126 ~ 
0.133 
7 
3×10
-3
 ~ 
3×10
-2
 
2.5 ~ 3.27 No 
(Wang et al. 
2012b) 
C60 94.2 
Ottawa 
sand 
360 25 15 0.122 7 
5×10
-5
 ~ 
10
-3
 
3.9 ~ 5.0 Yes 
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(Zhang et al. 
2012b) 
C60 172 
Quartz 
sand 
361 15 7 
0.168 ~ 
0.258 
7.5
~8 
10
-2
 0.06 ~ 10.3 No 
(Zhang et al. 
2012a) 
C60 175 
Ottawa 
sand 
250 6.6 6.0~6.8 
0.0292 ~ 
0.292 
6.5 
~ 
7.5 
10
-3
 ~ 10
-
2
 
N.A.. Yes 
(Li et al. 2011) CeO2 62.6 Silica sand 717 25.4 45 6.948 
3, 6, 
9 
10
-3
 ~ 10
-
1
 
10, 50 No 
(Liu et al. 2012) CeO2 4.6 
Ottawa 
sand 
250-
300 
25 15 0.475 
4, 6, 
8.5 
10
-2
 1 ~ 6 Yes 
(Busch et al. 
2014) 
C-nZVI 2400 
Quartz 
sand 
Glass 
bead 
100~50
0 
250~51
0 
35 10 5.004 
4, 6, 
7.5, 
10, 
12 
3×10
-2
, 
5×10
-2
 
2×10
-1
, 
4×10
-1
 
500 No 
(Jones and Su 
2012) 
Cu
0
 25 Sand 256 15 30 0.940 
7, 
9.1 
10
-3
 ~ 10
-
2
 
4.32 ~ 11.15 Yes 
(Jeong and Kim 
2009) 
CuO 372 
Etched 
glass 
870 N.A. 11.3 
0.072 ~ 
0.72 
7.0 10
-2
 9 No 
(Hydutsky et al. 
2007) 
Fe
0
 
50 ~ 
100 
Sand 160 16 71 
1.512 ~ 
3.024 
N.A. N.A. 5000 No 
(Kanel et al. 
2007) 
Fe
0
 
10 ~ 
160 
Sand 
425-
600 
25 10 0.220 7.0 10
-2
 0.2, 0.5, 1 No 
(Kim et al. 2009) Fe
0
 ~ 20 Silica sand 300 10.9 12.5 3.96 N.A. 5×10
-3
 1000 No 
(Kim et al. 2012) Fe
0
 20 Silica sand 300 12.5 15 1.152 
6, 7, 
8 
10
-3
 ~ 10
-
2
 
300 No 
(Phenrat et al. 
2009) 
Fe
0
 
41 ~ 
63 
Silica sand 300 10.9 25.5 0.562 8.0 10
-2
 30 ~  6000 No 
(Saleh et al. 
2007) 
Fe
0
 146 Silica sand 300 10.9 12.5 3.96 7.4 
10
-3
 ~ 10
-
1
 
3000 No 
(Saleh et al. 
2008) 
Fe
0
 146 Silica sand 300 11 61.3 1.152 7.7 10
-5
 ~ 1 30 No 
(Schrick et al. 
2004) 
Fe
0
 
30 ~ 
100 
Ottawa 
sand 
200~70
0 
12 13 7.2 ~ 10.8 6.7 N.A. 5000 No 
(Tiraferri and 
Sethi 2009) 
Fe
0
 357 
Quartz 
sand 
263 16 7 
0.0994 ~ 
0.497 
7.4 
10
-3
 ~ 10
-
1
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(Zhan et al. 
2008) 
Fe
0
 
30 ~ 
70 
Ottawa 
sand 
300 1.5-1.8 3 3.00 N.A. N.A. 3000 No 
(He et al. 2007) 
Fe-Pd 
nanoparti
cles 
4.3, 
14.1 
Soil N.A. 10 3.4 0.150 N.A. N.A. 1000 No 
(Lecoanet et al. 
2004) 
Ferroxan
e, etc. 
300 
Glass 
bead 
355 25 9.25 1.44 7 10
-2
 10 No 
(Tosco et al. 
2012) 
Ferrihydr
ite 
106.7 
Quartz 
sand 
194 16 11.2 
0.279 ~ 
0.839 
8 ~ 10
-2
 7.5 No 
(Espinasse et 
al. 2007) 
Fullerols 120 
Glass 
bead 
360 26.5 10 1.44, 4.32 
6.5 
~ 
7.5 
10
-5
 ~ 1 18 No 
(Lecoanet and 
Wiesner 2004) 
Fullerols 1.2 
Glass 
bead 
355 25 9.25 
1.44 ~ 
5.04 
7 10
-2
 10 No 
(Lecoanet et al. 
2004) 
Fullerols 1.2 
Glass 
bead 
355 25 9.25 1.44 7 10
-2
 10 No 
(Kasel et al. 
2013) 
MWNT 
170 ~ 
210 
Quartz 
sand 
240, 
350, 
607 
30 12 
0.371 ~ 
0.396 
8.5 10
-3
 0.005, 0.01, 1 No 
(Liu et al. 
2009a) 
MWNTs 
7 ~ 
70 
Quartz 
sand 
476 50 10 0.0175 10 
10
-4
 ~ 10
-
2
 
N.A. No 
(Tian et al. 
2012) 
MWNT 175 
Quartz 
sand 
100~20
0, 
500~60
0 
25 15 0.244 
5.6, 
10 
10
-3
 ~ 10
-
2
 
N.A. No 
(Doshi et al. 
2008) 
nAl 100 Silica sand N.A. 15 16 0.0850 4, 7 10
-2
 50 No 
(Elimelech and 
Omelia 1990) 
Polystyre
ne latex 
46 
Glass 
bead 
200, 
400 
N.A. 20 5.04 6.7 
3×10
-3
 ~ 
3×10
-2
 
1 ~ 4 No 
(Franchi and 
O'Melia 2003) 
Polystyre
ne latex 
98 
Glass 
bead 
200 25 25 4.572 7.2 
10
-3
 ~ 
5×10
-1
 
1 Yes 
(Hahn and 
O'Melia 2004) 
Polystyre
ne latex 
80, 
308 
Glass 
bead 
400 25 20 4.896 
5 ~ 
10 
10
-2
 1 No 
(Huber et al. 
2000) 
Polystyre
ne latex 
53 ~ 
193 
Munich 
gravel 
250 100 20 
0.174 ~ 
0.187 
N.A. 
10
-3
 ~ 10
-
2
 
N.A. No 
(Pelley and 
Tufenkji 2008) 
Polystyre
ne latex 
50, 
110, 
1500 
Quartz 
sand 
256 10 15 0.763 5.7 
10
-3
 ~ 10
-
1
 
N.A. Yes 
(Shani et al. 
2008) 
Polystyre
ne latex 
20 Dune sand 
310-
320 
54 20 0.0601 
7 ~ 
8 
3×10
-3
 ~ 
4×10
-3
 
N.A. No 
(Shen et al. 
2008) 
Polystyre
ne latex 
30.66 
Glass 
bead 
110, 
220, 
720 
38 10 0.223 10 2×10
-4
 10, 40 No 
(Tripathi et al. 
2012) 
Polystyre
ne latex 
20, 
1000 
Quartz 
sand 
763 16 8 0.238 7.2 10
-2
 N.A. No 
(Tufenkji and 
Elimelech 2005) 
Polystyre
ne latex 
63 
Glass 
bead 
330 16 12.6 0.299 
8, 
11 
2×10
-2
 ~ 
2×10
-1
 
N.A. No 
(Zhuang et al. 
2005) 
Polystyre
ne latex 
20, 
100 
Quartz 
sand 
300-
355 
45 10 
0.0652 ~ 
0.172 
7.5 10
-3
 100 No 
(Torkzaban et Quantum 1 ~ Sand 270 25 10 0.522 8.0 2×10
-3
, N.A. No 
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al. 2013) dot 10 10
-2
 
(Wang et al. 
2013) 
Quantum 
dot 
5 ~ 
18 
Ottawa 
sand 
354 25 10 0.122 
5, 7, 
9 
3×10
-3
, 
3×10
-2
, 
10
-2
 
0.0013 ~ 
0.0025 
No 
(Lecoanet et al. 
2004) 
SiO2 
47, 
103 
Glass 
bead 
355 25 9.25 1.44 7 10
-2
 10 No 
(Lecoanet and 
Wiesner 2004) 
SiO2 57 
Glass 
bead 
355 25 9.25 
1.44 ~ 
5.04 
7 10
-2
 10 No 
(Wang et al. 
2012a) 
SiO2 8, 52 Silica sand 220 38.5 10 0.0526 10 
10
-3
 ~ 
2×10
-1
 
60 ~ 6000 No 
(Jaisi and 
Elimelech 2009) 
SWNTs 244 
Glass 
bead 
420~10
00 
16 4.3 0.792 
5.6 
~ 
5.8 
10
-3
 N.A. No 
(Jaisi et al. 
2008) 
SWNTs 1.25 
Quartz 
sand 
263 16 6.3 0.655 7.0 
10
-4
 ~ 
5.5×10
-2
 
87 Yes 
(Lecoanet and 
Wiesner 2004) 
SWNTs 
0.7 ~ 
1.1 
Glass 
bead 
355 25 9.25 
1.44 ~ 
5.04 
7 10
-2
 10 No 
(Lecoanet et al. 
2004) 
SWNTs 
0.7 ~ 
1.1 
Glass 
bead 
355 25 9.25 1.44 7 10
-2
 10 No 
(Wang et al. 
2008a) 
SWNTs, 
MWNTs 
1.4, 
35 
Quartz 
sand 
350 25 15 0.119 N.A. 
10
-4
 ~ 10
-
2
 
25 ~ 53 Yes 
(Ben-Moshe et 
al. 2010) 
TiO2 190 
Glass 
bead 
1000 35 20 
0.0371 ~ 
0.312 
7, 
10, 
12 
10
-3
 ~ 10
-
1
 
N.A. Yes 
(Cai et al. 2013) TiO2 25 
Quartz 
sand 
417~60
0 
20 10 0.0576 5, 7 
10
-4
 ~ 10
-
2
 
50 No 
(Chen et al. 
2008) 
TiO2 21 
Glass 
bead 
500 25.4 1.27 
0.000308 
~ 0.0225 
10 2×10
-4
 25 No 
(Chen et al. 
2012) 
TiO2 
10 ~ 
40 
Sand 275 25 10 0.1836 
5.7, 
9 
3×10
-3 
~ 
2×10
-1
 
20 Yes 
(Chowdhury et 
al. 2011) 
TiO2 18.4 
Quartz 
sand 
275 48 15 
0.684, 
3.42 
5, 7 
10
-3
 ~ 10
-
2
 
100 ~ 800 No 
Choy et al., 
2008 
TiO2 < 100 
Quartz 
sand 
200 15 30 1.8 ~ 8.46 4.5 10
-5
 50, 75, 100 No 
(Fang et al. 
2009) 
TiO2 35 
Surface 
soil 
(12 kinds) 
30 ~ 
132 
25 10 
0.00108 ~ 
0.0504 
6.15 
~ 
8.58 
2×10
-4
 ~ 
5×10
-3
 
2000 No 
(Godinez et al. 
2013) 
TiO2 19 Sand 307 9 15 
1.739, 
3.481 
9 
10
-3
, 10
-
2
, 10
-1
 
25 No 
(Guzman et al. 
2006) 
TiO2 
5 ~ 
12 
Pyrex 
wafer 
700 30 7 
0.54 ~ 
0.576 
1, 3, 
7, 
10, 
12 
N.A. 70 ~ 140 No 
(Han et al. 
2014) 
TiO2 25 
Quartz 
sand 
510 20 10 0.0225 5, 7 
10
-4
 ~ 10
-
2
 
50 Yes 
(Joo et al. 2009) TiO2 10 
Quartz 
sand 
290 11 10 0.316 
5.5, 
7.0 
10
-3
 ~ 
3×10
-2
 
20 No 
(Lecoanet et al. 
2004) 
TiO2 40 
Glass 
bead 
355 25 9.25 1.44 7 10
-2
 10 No 
(Petosa et al. 
2012) 
TiO2 5 
Quartz 
sand 
256 16 3, 10 0.1501 7, 8 10
-4
 ~ 1 N.A. No 
(Rottman et al. 
2013) 
TiO2 21 
Quartz 
sand 
190 15 15 0.882 7 10
-3
 50 No 
(Solovitch et al. 
2010) 
TiO2 32 Silica sand 650 47 7 0.0000216 
3.5 
~ 
8.0 
10
-3
 ~ 10
-
1
 
50 No 
(Wang et al. 
2012c) 
TiO2 30 
Quartz 
sand 
550 25 16.5 0.299 
7.3, 
8.3, 
10.3 
10
-4
 ~ 10
-
1
 
10 No 
(Jiang et al. 
2012) 
ZnO 20 
Quartz 
sand 
510 40 20 0.588 8 
10
-4
 ~ 
2×10
-2
 
5 Yes 
(Jiang et al. 
2013) 
ZnO 20 
Quartz 
sand 
510 40 20 
0.166, 
0.335 
8 
10
-4
 ~ 
2×10
-2
 
5 No 
(Kanel and Al-
Abed 2011) 
ZnO ~ 100 
Quartz 
sand 
150 ~ 
425 
11 10 0.63 
3, 7, 
9, 
11 
1×10
-4
 20 No 
a
filtration velocity (v0) = volumetric flow rate (Q) / cross sectional area of filter bed (Ac) 
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Appendix B: Parameters and symbols  
5
2 6
2(1 )
2 3 3 2
SA

  


  
 Porosity-dependent parameter 
 
6 p
kT
D
a
   Diffusion coefficient  
2
012
A
p
A
N
a v
  Attraction number 
0
col
r p c
A
N

   
  Stability parameter 
DL pN d  Double layer force parameter 
2 2
0
1
0
( )
3
r p c
E
p
N
v d
   


  1st electrokinetic parameter 
2 2 2
2
( )
p c
E
p c
N
 
 


 2
nd
 electrokinetic parameter 
2
0
2 ( )
9
p p f
G
a g
N
v
 


  Gravity number
 
1
1
Gi
G
N
N


 Revised gravity number (Nelson and Ginn, 2011) 
2
0p M a p
LEK
W
d d v N
N
M



  Layer electrokinetic parameter 
2
0
4
9
Lo
p
A
N
d v
  London number 
0 c
Pe
v d
N
D
  Peclet number 
p
R
c
d
N
d
  Aspect ratio
 
vdW
A
N
kT
  van der Waals number 
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A Hamaker constant (J) 
Ac Cross section area of differential slice of a packed bed (cm
2
) 
ac Media radius (µm) 
ap Particle radius (nm) 
C Fluid-phase particle mass concentration (mg/L) 
D Particle diffusion coefficient (cm
2
/s) 
dc Media diameter (µm) 
dM Macromolecule adsorbed layer thickness (nm) 
dp Particle diameter (nm) 
dz Height of differential slice of a packed bed (cm) 
g Gravitational acceleration (cm/s
2
) 
I Ionic strength (mM) 
K Boltzmann constant (g·cm
2
/s
2
-K) 
Mw Macromolecule molecular weight
       
N Fluid-phase particle number concentration (#/L) 
Na Avogadro’s number (#/mol) 
Q Volumetric flow rate (mL/min)
 
s Separation distance (nm) 
S Solid-phase particle concentration (µg/g) 
T Absolute temperature (K) 
v0 Fluid velocity (m/hr) 
 
α Attachment efficiency (-) 
ε Porosity (-) 
ε0 εr Permittivity in water (C
2
/J-m) 
ζc Zeta potential of a media (mV)  
ζp Zeta potential of a particle (mV) 
η Single collector removal efficiency (-) 
η0 Single collector contact efficiency (-) 
κ Inverse characteristic length of diffuse layer (1/nm) 
λ Characteristic wavelength (nm) 
μ Fluid viscosity (g/cm-s) 
ρc Media density (g/cm
3
) 
ρf Fluid density (g/cm
3
) 
ρp Particle density (g/cm
3
) 
Ψc Surface potential of a media (mV) 
Ψp Surface potential of a particle (mV) 
Г Surface excess concentration (mg/m2) 
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Appendix C: Supporting information for 1-D advection-diffusion model 
Using a finite difference scheme, equation 6-6 can be written as: 
 
 
 
1
1 1 1
1 1 1 12
1 10
1 1
1
det 0 0
0
2 2
2
2
( ) exp ( 1)
2
n n
i i
n n n n n n
i i i i i i
n n n n
i i i i
n natt att
i i att
N N
t
D
N N N N N N
x
v
N N N N
x
k k
N N k k t N x i
v

  
   
 
 



     

   

 
      
 
    (C1) 
where n is number of time step, i is number of space step, ∆t is time step (5 sec) and ∆x is 
space step (0.1 cm). The effluent concentration at the outlet of the filter was simulated 
until 90 min.  
This model used the first order attachment kinetics assuming that the available 
deposition area on the filter media was greater than the total surface area of AgNPs 
injected. The total surface area of 325 µm filter media in 10 cm filter depth was 
compared to the total surface area of 50 nm AgNPs injected during the filtration test 
(Table C1). 
                                                                  
The AgNP number concentration was adopted from the product details (Appendix 
D) and the porosity of filter bed was assumed to be 0.42. 
Table C1: Comparison of total surface areas of filter media and AgNPs. 
 Number of particles used 
Surface area (cm
2
) 
Single particle Total 
Filter media 3.68×10
6
 3.32×10
-3
 1.22×10
4
 
Citrate AgNPs 6.60×10
13
 8.99×10
-11
 5.93×10
3
 
PVP AgNPs 9.00×10
13
 7.82×10
-11
 7.04×10
3
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Appendix D: Product information of silver nanoparticles (AgNPs) and 
glass beads 
 
Table D1: Product information of citrate- and PVP-capped AgNPs (from 
Nanocomposix, Inc.). 
 Citrate AgNPs PVP AgNPs 
Diameter (TEM) 53.5±4.4 nm 49.9±4.6 nm 
Hydrodynamic diameter (DLS) 56.0 nm 63.6 nm 
Zeta potential -53.6 mV (at pH 6.9) -53.5 mV (at pH 6.2) 
Particle concentration 1.1×10
12
 particles/mL 1.5×10
12
 particles/mL 
Solvent 2 mM citrate water Milli-Q water 
 
Table D2: Product information of 10, 50, and 100 nm BPEI-capped AgNPs (from 
Nanocomposix, Inc.). 
 
10 nm 
BPEI AgNPs 
50 nm 
BPEI AgNPs 
100 nm 
BPEI AgNPs 
Diameter (TEM) 8.3±2.2 nm 45.8±3.8 nm 99.4±8.2 nm 
Hydrodynamic 
diameter (DLS) 
32.9 nm 90.4 nm 142.0 nm 
Zeta potential 
12.4 mV  
(at pH 9.8) 
39.3 mV  
(at pH 9.6) 
40.0 mV  
(at pH 9.3) 
Particle 
concentration 
3.3×10
14
 
particles/mL 
2.1×10
12
 
particles/mL 
2.0×10
11
 
particles/mL 
Solvent Milli-Q water Milli-Q water Milli-Q water 
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Product information of glass beads is as follows (from MO-SCI, Inc.). 
pH in water 7.8 
Bulk density of dry beads (specific gravity) 1.3 g/cm
3
 (2.5 g/cm
3
) 
Softening temperature 650 ˚C 
Coefficient of thermal expansion 90×10
-7
 /˚C 
Compression strength 29 kg/mm
2
 (39,875 psi) 
Vicker hardness 550 kg/mm
2
 (760,250 psi) 
Index of refraction 1.51 (nD) 
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Appendix E: Particle size analysis from TEM images 
The image processing software “ImageJ” was employed to analyze particle size 
from TEM images.  ImageJ is a public domain software and free download is available 
at http://imagej.nih.gov/ij/download.html. The particle size analysis can be performed as 
follows. 
1) Open a TEM image file by selecting File-Open in ImageJ menu. An open 
image is shown in part (a) of Figure E1.  
2) At the bottom of the image, a scale bar is imported with the TEM image. To 
set the scale in ImageJ, locate the cursor on the scale bar and zoom in the 
scale bar by hitting ‘Ctrl’+‘+’ until the scale bar is about to fill the image 
screen. Then, select Straight Line tool from the toolbar and make an identical 
length on the scale bar by clicking and dragging. Select Analyze-Set scale in 
menu and Set scale pop-up window comes up. Enter the known distance and 
unit of length, respectively (e.g., 100 and nm).  
3) After closing Set scale pop-up window, right click on the image and select 
Original scale to return to the original size. 
4) Select Image-Adjust-Threshold from the menu and close Threshold pop-up 
window. If particles are aggregated, the bottom slider which controls 
maximum brightness can be moved slightly to the left before closing the 
window.  
5) Select Analyze-Analyze Particles from the menu. When Analyze Particle 
window comes up, enter an appropriate size range and circularity (e.g., 100-
5,000 nm
2
 and 0.50-1.00). Select Overlay Masks in the Show dropdown box. 
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6) By clicking Ok in the Analyze window, the Results table opens with particle 
size analysis data (as shown in part (b) of Figure E1). If two or multiple 
particles are recognized as one big particle in the image, manually clear the 
row of such particles in Results table by identifying the corresponding 
numbers in the image. The second column of the results is the particle area 
which can be converted into particle diameter in a separate calculation. 
(Author’s note: The particle diameter of each particle was averaged and used 
as a mean diameter of the TEM image in this study.) 
7) Repeat 1) to 6) for two other images taken from the same sample. Average 
diameters from three images to obtain a representative mean diameter of a 
sample. 
 
  
Figure E1: (a) TEM image file opened in ImageJ and (b) an example of particle size 
analysis in Results window. 
 
   
(a) (b) 
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Appendix F: Experimental case name conventions 
B10 BPEI 10 nm AgNPs 
B50 BPEI 50 nm AgNPs 
B100 BPEI 100 nm AgNPs 
C50 citrate 50 nm AgNPs 
P50 PVP 50 nm AgNPs 
M325 Media size 325 µm 
M463 Media size 463 µm 
M776 Media size 776 µm 
L2 Filter depth 2 cm 
L4 Filter depth 4 cm 
L8 Filter depth 8 cm 
V2 Filtration velocity 2 m/hr 
V4 Filtration velocity 4 m/hr 
V8 Filtration velocity 8 m/hr 
I1-Ca Ionic strength 1 mM by Ca(NO3)2 
I5-Ca Ionic strength 5 mM by Ca(NO3)2 
I10-Ca Ionic strength 10 mM by Ca(NO3)2 
I10-Mg Ionic strength 10 mM by Mg(NO3)2 
I10-Na Ionic strength 10 mM by NaNO3 
I100-Na Ionic strength 100 mM by NaNO3 
HA Coated with humic acid 
FA Coated with fulvic acid 
pH 9 Tested at pH 9 
I Detached by ionic strength reduction 
V Detached by filtration velocity increase  
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